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PREFACE. 



■■'Electric Motive Power" is designed to be a 
practical treatise for Mechanical and Mining Engineers 
and other Students of Applied Electricity. Taking for 
granted an elementary knowledge of the theory of 
Electricity and Magnetism, I have endeavoured to give 
a clear exposition of the principles governing Electric 
Transmission of Power, and to develop them in accor- 
dance with the best practice of the present time. In 
doing this I have deemed it advisable to discuss the 
design of Dynamos, Alternate and Continuous Current 
Motors, Alternators and Transformers, as well as the 
various systems in vogue for transmitting and dis- 
tributing power. 

A large part of the book is devoted to a careful con- 
sideration of the alternate current systems, both single 
and polyphase. This is necessitated by their growing 
importance, as it is now well recognised by the leading 
electrical engineers of Europe and America that for 
power transmission they are superior to continuous 
current systems. In a short Appendix are given some 
figures with reference to the prime cost of plants for 
long-distance transmission. 

The last two Chapters deal exhaustively with the 
applications of electricity to mining work, particularly 
with reference to collieries and coal-getting. It is hoped 
they vi-ill prove to be of interest to the large number 
of Mining Engineers who are now using or are advising 
the use of electric plants for lighting and power purposes. 
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iv. PREFACE. 

The contents are arranged in ten chapters, each oi 
which is, as far as possible, a monograph on one portion 
of the subject. Cross references enable the engineer or 
student to find required information with the greatest 
possible facility. The mathematics employed are of 
the simplest kind, entirely practical in character, and 
inch-pound-minute units are used throughout. Most 
of the tables of data and tests are new, and all have 
been compiled from recent and trustworthy informa- 
tion. The illustrations, about 250 in number, are 
chiefly diagrams rather than perspective drawings, as 
the former are more useful in practice, and the majority 
have been prepared specially for this work. 

In endeavouring to treat the subject as comprehen- 
sively as possible, I have necessarily drawn on the ex- 
perience of my confreres on both .sides of the Atlantic, 
and have to some extent availed myself of the store of 
information contained in the columns of the Technical 
Press and in the Proceedings of the Technical Societies. 

I am much indebted to Dr. W. E. SUMPNER for 
many instructive hints with reference to the alternate 
current sections ; and my thanks are also due to many 
firms and companies who have kindly supplied me 
with information referring to special features in their 
manufactures. 

Although written primarilyfor Engineers and Students, 
I hope the book will be found of value to users of 
electric plant generally. 

ALBION T. SNELL. 

November, i8g^. 
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Civil Ettginebhino has been defined as " the art of directing 
the great souroea of power io Nature tor the use and conveai- 
ence of man." Tbta defiaitioa was apt in the days nhich saw 
the incarporation of the Institution of CItiI Engineers; it is 
doubly so now. Then gravitation, the expanaion of vapours 
and gases, and the pressure of nind, formed the sum total 
of forces at the disposal of man for engineering purposes. 
The study of Eleotrioitj and Magnetism was in its infancy, 
and neither physicist nor engineer dreamed of the possibilities 
of the new force, ilt was not until nearly half a century 
later that the principles of electro- dynamics were developed, 
giving a Ereah meaning to the old definition of Civil Engineer- 
ing by the inclusion of another force, all- pervading as 
gravitation, and powerful and manageable in a measure 
suggeating boundless possibilities of application. 

As yet we do not know what Electricity is, but its 
utilisation is by no means limited by our want of insight into 
its nature. We do not know what Gravity is, but we have 
a clear conception of weight, and we measure horse-power in 
gravitation units, estimating the effects of gravity, though 
its real nature is still a mystery. In like manner the 
electrician defines electricity in terms of the magnetic effects 
produced by it, having no exact knowledge of the causes, 



although empirical suggeHtionB, which fit the pher 
more or leas completely, may give "educated guesaea" &b to 
their nature. Thus the utihsation of electricity demands ao 
closer acquaintance with its nature than doea that of gravity, 
which is made use of without direct reflection in almost every 
contrivance devised by man. 

At any rate, the laws governing the production and regula- 
tion of electricity have been very completely investigated, and 
in moat practical cases are capable of treatment by the aimpleat 
mathematics. Electric Power is measured in definite units 
bearing an easily defined ratio to the mechanical expreaaions 
for horse-power and work. In fact, eleotrio quantities are 
gauged with a degree of readiness and accuracy impossible with 
the corresponding quantities in steam, compreaaed air, or any 
system involving the transference of matter as well as of power. 
It is to this transmission of power without the conveyance 
of matter that electricity owes its superiority to all other 
means of transmitting power where distance is a factor in the 
problem. Since neither gravity nor material friction enters 
into the question, power ia transmitted equally well horizontally 
or vertically, round the sharpest curves and by the moat devious 
routes. The advautages of electricity from this point of view 
are at once apparent, and have already been widely recognised,, 
both at home and abroad ; more especially where natural 
water power is available, and the distance between the source 
of the prime power and the point of application is considerable. 
On the Continent, water power is largely used for generating 
electricity; and at home, although leas abundant, is steadily 
gaining favour. 

As might be expected, Electricity has found ready favour with 
mining engineera, and in more than one case the application of 
Electricity to Mining has resulted in profit where previously 
Bucfa a result was unattainable. But the importance of electric 
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power in thia couDection bas not yet been fully appreoiated. 
So far back aa the year 1889, the author pointed out in the 
Engineer that in diatricta where coal pita are in close proiimity 
to each other considerable economy of power might be obtained 
by the eatablishing of central power stations on a bftais 
similar to tbat used for electric lighting. The idea has aot 
commeuded itself to mine owners as yet, but it is certain to 
do so as the conditions for economic working became better 
underatood. At present it is not customary to keep so close an 
account of the coat of power at mines as is done at electric 
supply statioaa, and therefore it ia not generally recognised 
how much wast« may be involved in this item. Experience 
in lighting stations shows that the cost of power per unit is 
largely reduced when the load curve is kept fairly constant 
during the night and day. Now the conditions of many 
CDllieries are such m to permit of a nearly straight line load 
curve ; for pumping, &c., can often be done at times whea 
coal is not being drawn, and bence the one load can, in great 
meBsnre, be made to balance the other. 



At the centrsl power itation nltemators could be kept run- 
ning day and night. The power ooald be traiismiU«d bj 
dDpIi(»te nuutu «t bigfa ynman to transfonseia U Mcb 
eollwc7, where the euiraot eoold be tiaiMform«l to & woriuDg 
XiiiMiim ol, mj, 500 toIu. TIw pawtr taamaai hj «mA 
eolUei7 eoold be MBiiiml by reeofdioc mMmttOt cr bjr 
ordinuy emrot Betcn if the prMSOM vcm luf* appcozi- 
iB&tdy ecHlaat. The vaim betvMO tbs eaoCnJ mttiaa ud 
the eoilieriM oinld gaaeaHj be eanied on polm, bvt ia * C»v 
nun it wooU pa^to Isy tboo nsdcrgimuid. 
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4 ELECTBTC MOTIVE POWER. 

that the cost of a unit ot power would be much less under aueh 
OonditioDB than when it is produced by a number of email 
plants, and that the cost of upkeep would be leas because of 
more efficient Buperviaion, while the reserve plant oould be 
reduced very much below that absolutely necessary with 
independent plants. 

When a number of adjacent pits belong to the same pro- 
prietors, the introduction of a central power station would 
be simple. If the pits belong to different owners it would be 
easy to arrange au equitable system of charging on the baaia 
of actual power consumed. The station might be financed by 
a single proprietor, or by an independent oompany, whose 
function would be to supply power exclusively. 

In the future developments of ooal working some modification 
of this scheme will, no doubt, find a place, 

Au electric power plant is more easily erected and controlled, 
and is generally more flexible, than any other. It is no more 
experimental than the steam engine and boiler, and, if built and 
1, is cheap and trustworthy. 



CHAPTER I. 



THE GENERAL PLAN OF ELECTRICAL TRANSMISSION 

OF POWER. 

§ 1. Electricity not a Prime Power. Steam and Water Power. The 
Dynamo. The Line. The Motor. The Machines Driven. 

Bgforb entering on the general subject of the Electrical 
Transmission of Power it will be well to define what is 
understood by the phrase, and also to note at this early 
stage that electricity is not a prime power (see foot-note on 
page 2). The problem will be at once understood by con- 
sidering a hypothetical case. On a hillside there is a water- 
fall, with its power running to waste. A few miles from 
this is a mine, where power is urgently required to drive 
the winding engines, pump the dips, and work the fans. A 
turbine or waterwheel is so arranged as to rotate by means 
of the falling water, and a dynamo is coupled to it. The 
electrical power generated by the dynamo is led by two 
copper conductors to the mine, and there runs the motors 
which reconvert the electrical into mechanical power and drive 
the mining machinery. 

Now, it is clear that electricity is simply the medium by 
which the power of the water is carried to the mine, and, 
therefore, is not a prime, but a secondary power. Natural 
water power is not often available, and, therefore, in the 
majority of cases, a steam engine is employed to drive the 
dynamo ; but the function of electricity remains the same. 
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The esaeatial taaton of an electriaal power plant ma^ bo 
Eumm&rised as follows : — 

\ Engmea. 

(a) Prime Motors I Water. . , Turbine or watermheel. 

,, ( Gas Producers. 

[^'^ -( Engines. 
(6) Dynamos to concert the meclianieal power of the prime 
motors into electrical power. 

(c) Copper conductors to transmit the power from the 
dynamos to the motors. 

(d) Motors'"' to reconvert the electrical into mechanical power. 

(e) Machines to absorb the work given out by the motors. 



I now briefly examine these before developing the 
main scheme of the book. 

(a) Prime Source of Power. — The consideration of this part 
of the working plant belongs more properly to a treatise on 
prime motors ; but the requirements of electrical work have 
introduced quite a revolution into the building of both steam 
engines and turbines, and probably a few hints as to the class 
of plant most suitable will not be unacceptable or out of place. 

The dynamo is essentially a high-speed machine, one of the 
fundamental factors of both output and efficiency being a high 
peripheral speed of the armature. Practical considerations con- 
fine this to about 3,000ft, per minute ; and hence, for a given 
output, economy of material and labour will limit the diameter 
and length of the armature so as to make the speed a maximum. 
Now the stationary engine of 15 or 20 years ago was, on the 
contrary, a slow-speed machine, i.e., the flywheel made rela- 
tively tew revolutions per minute, although the piston velocity 
may have been in some cases as high as 300 or even 400ft. 

• Probably most iiistallaUona will be ai<et] for Uabtiiig as well aa iiower 
purpuaea. By suitable arrniigemeutB, either the liue or the distributing 
maiQS can bo tappert at any part, and lamps q[ the proper voltage can be 
coupled acroaa them. The power absorbed by the lampe, however, will 
not he avulable fur uae at the motors, auil eo a niargi'i muat be mode in 
tlie output uf the dynnmos to allow fur the lightini^ wurk, 
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per minute. Tbe cylinders were of large dianieWr and long 
stroke, being desigoed to work with low boiler prcmures. 
Therefore, when it became necessary to drive dyoamoa by 
this type of engine, difficulties aroee in belting the dynamo 
po'lej to tbe flywheel; Eiud it Boon became evident that the 
eiigioe was in many ways unsuitable. Firstly, it waa in- 
efficieat for the class of work ; secondly, it governed badly ; 
ttirdly, it was costly in relation to it« output ; and, fourtlily, 
it required fonod&tions of a strength out of all proportion 
to the load. These weak points in steam-engine design were 
gradually forced on tbe notice of mechanical engineers by the 
introduction of the efficient and high-speed dynamo. But im- 
pntvements were made before long. Boilers were built for 
higher pressures, enabling engines to be designed with smaller 
<!ylmdeTS and to rotate at higher speeds. Next, governors 
Vere improved, and socm the tell-tale pilot lamp scaroely 
showed the yariations of speed, and now it is by no means un- 
common to find engines governing to within 2 per cent, or even 
less. Compound and triple expansion engines have oow become 
general. Tbe vertical type of engine, with inverted cylinders, 
Sods most favour for driving dynamos. It is used dtber 
single, eompoood, or triple, with or without condensers, ac- 
cording to output aod circnmstancea. It is coupled direct or 
by belting, re>]iiirea small foundations, gives a minimum of 
troable, and is cfae^ and effident. Compared with tlie beam 
OT borizoDtA) en^es of from 20 to 30 yean ago, it is u David 
to Goliath. 



The change in b«ler design has been equally remarkable. 
Fifty pounds to tbe square inch used to be omniered a 
fair working preHure with bailers of tbe Lancashire type ; now 
tnm SUba. to l^Olhs. is not uncommon; and with muUitubolar 
tad waiettabe desgns l-tOIba. or even a greater preasore fre- 
qwBt^ oecnrs ; and water-heateia, ecoo om ber^ and '''*'*«"H' 
■token are now thoroughly appreciated. AH tlKie aoftowe- 
BCBt^ it is ne<idleM to say, tend to raise efficiestcy aod ififrfMio 
cbwiges. 



h if**"""^ Mcam plant lor an elecbical 
Ittipit llKrelaR, the tvka and pteea4ttioaa adopted in laying 
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8 FLEOTRir MnTTVE POWEJt. 

down a central Btation for lighting should be fullowed. FirHt 
choose B. convenieut unit of power, i.e., select the best aiae of 
dynamo to give the miniroura work required during the twenty- 
fotir houra, and then if thta be of convenient size keep to it as 
the Btiindard,and simply multiply the uuit aa the work iocreaseB. 
If the minimum output be very small, it will probably be best 
to have a separate plaot to deal with this part of the work, 
and to select a larger unit for the main installation. Having 
fixed the output of the dynamo, the size of the engine which 
has to run it, either direct ur by belting, is easily determined, 
and the boiler power is also known. The boiler unit may 
be RufScient to run one or two engines ; this will depend on theii 
size, and cannot be definitely liited without a knowledge of each 
case. The boilers should each be coupled with a stop-valve to 
the steam main, so that any boiler can have the fires banked 
or be shut down separately. One boiler and an engine and 
dynamo should be held in reserve in all large inatallationa. 

If water-power be used, the turbine or water-wheel can ad- 
vantageously drive the dynamo direct, or belting may be used. 
The general considerations fur determining the size of dynamo 
unit will hold just the same as with the steam plant; and, indeed, 
the whole station arrangements will be similar, except that the 
turbine will replace the boiler and engine. It is unneceseary 
to point out the simplicity of such a power station, or to refer 
to the advantages of the utilisation of waste water power by 
electricity — they are self-evident. It is not surprising that 
magnificent transmission plants have sprung into existence 
during the past tew years ; the wonder is that the number ol 
such plants is not tenfold greater. 

Surprise may be felt that the author includes gas engines 
among the prime motors for electric transmission plants, 
hut experience moat decidedly points to them as a feature of 
future installations for small outputs, especially if the load 
he intermittent, and the load factor consequently low. It baa 
been thoroughly demonstrated that it in more economic as 
regards the quantity of light obtainable to consume coal gas 
in an engine, and to utilise the energy for driving a lighting 
dynamo, than to burn the gas direct in the ordinary way ; 



THE DYNAMO. 



and the cost of power may be still further rediiuod if producer 
gaa be employed. The gtis-makiiig apparatus is to the gan 
eagitte what the boiler is to the steano eugine, and the coat nf 
wages and repairs in each case ia about the same. As regards 
the cost of producing this gas, the Dowson Economic Gsb and 
Power Compaoy state that, on a moderate scale, with coke coat- 
ing 12s. per ton, the average coat of the volume of Dowson 
gaa required to give the same heat as 1,000 cubic feet of 
ordinary town gaa is only lOd., while in large plants the cost 
falls as low as 6|d. Allowing for the variations of price of 
coal gas and fuel, it may be fairly assumed that producer gaa 
will be about one-quarter as costly. Considerable improvomenta 
liave of late years been introduced in the design of gas 
engines ; and double- cylinder engines of 100 B.H.P. are now 
runiiinf; successfully, and prove more economic for intermittent 
and varying loads than steam plant of similar capacity. It 
may be assumed, therefore, that gas engines will Gnd a field for 
transmission of power work in certain cases. 

At Sohwabingi a suburb of Munich, a lighting plant with 
gaa engines and Dowson gas runs ten arc lamps and 270 glow 
lamps of 16 c.p. eacl), and 30 of 32 c.p. each, at a coat Cor fuel 
of Id, per brake horae-jiower per hour, the fuel consumption 
being 3Jlb. of miiced coke and anthracite per brake horse- 
power hour. This result compares favourably with the per- 
formance of good steam plant. Aud in England the Morecambe 
Electric Light Company use gas engines, with Dowson gaa, 
indicating 1 10 H P. each. 

{b) The Dynamo.— The function of the dynamo is to convert 
tneohanical into electrical power, and the macfaine, if well 
made, accomplishes this end in a most satisfactory manner. 
The ratio of conversion of a good dynamo at full load varies 
between 90 and 94 per cent., and this high efficiency is main- 
tained through a considerable range of output ; at half load 
it is about 85 to 00 per cent., and at one quarter load will not 
tall below 75 per cent. ; while running on open circuit the 
power absorbed is only sufficient to overcome friction. If 
the plant be divided into suitable units, it will always be 
possible to run iit nearly the full out[j\it of the dynamo, 
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and HO Bectire a high working eJBciency. In ciddition to the 
high-speed dynamo already veferred to, there is a alow-apeed 
type, which ia used when it is dcBired to couple dyoaiaOB 
directly to the engine sha^rt. 

The output of a dynamo ia roughly proportional to the length 
of the armature into the square of its diameter = Bay I V)'. 
Let the aurrace velocity be fixed. If D be large then I will be 
small, and vice vered. In order to design a slow-speed dynamo 
it is necessary, then, to take a large diameter and a. short 
length for the armature proportions. This type of machine is 
heavy and costly, in consequence of the large fie Id-magnets, 
yokes, and extended bedi;, and the increased coat of machining 
and labour; but these disadvantages are, in the opinion of 
some designers, more than counterbalanced by the decreased 



American practice favours dynamos running at from 800 to 
1,000 revolutions per minute, coupled with belts to high- 
pressure engines making from 200 to 350 revolutions. Con- 
tinental engineers are leaning to the slow-speed steam dynamos, 
and recently huge plants, with units of 500 H.P. and upwards, 
and triple expansion condensing engines, have been laid down 
for town lighting. English engineers are very much divided in 
opinion upon the subject ; but there certainly seems to be a 
tendency to use steam dynamos of about 100 unit capacity 
running at from 175 to 250 revolutions per minute. 

Viewing the question of the electrical power station from all 
aides, and laying particular stress on the high pressure that will 
be required, it appears that the dynamo will generally be helt- 
driven, and therefore it w'M be permissible to use high-speed 
dynamos. A convenient size for a high-pressure transmission 
dynamo for use in mines is 50 or 100 H.P. ; the speed may bo 
from 450 to 600 revolutions per minute. 



(c) The Line. — The success of an installation will very largely 
depend on the care and forethought shown in the selection of 
the gauge of copper and the erection of the line. As the 
general conditions to be observed will be discussed horpafter 
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seriatim, it need only be noted here that the power waited 
in the conductor may be made els amall as desired, for tbe 
loss varies directly as the length and inversely as the area 
of crosfi-aection. There are, of coureo, limits both to gauge 
and length of conductor ; but these are determined as much 
by financial as by practical considerationB. The esEeutial con- 
ditions of a auccessful line are ; — Firstly, a continuous metallic 
circuit between the dynamo and the motor ; and, secondly, 
high insulation resistance, so that the current does not leak to 
earth } for defective insulation means not only a direct loss of 
power but may also entail a risk of fire. 

(■I) The Motor— The motor is sitnilar in appearance to the 
dynamo, though its function is the converse, via,, to convert 
electrical into mechauical energy. It is, in fact, a reversed 
dynamo, is governed by precisely the same laws, and its action 
is accompanied by similar phenomena; and, moreover, it is 
quite as efficient. The reversibility of the dynamo is said to 
have been discovered by an accident, though more probably it 
was the result of the steady and laborious study of early inven- 
tors. Be tbis as it may, the fact has been thoroughly recog- 
nised, and full advantage has been taken of the opportunities 
afforded by it. 

The motor is as varied in the details of construction as the 
dynamo, the design being modified to suit the work expected 
from it. It is made to give either high or low speeds, and for 
high or low pressures. 



{<) The MacLinea Driven.— The machines to he driven need 
no special reference, but care must be taken to couple them to 
tbe motors in a suitable manner. High-speed machines may 
often be connected directly to the motor-shaft; or they may 
be conpled by gearing or belts ; and count ershaftB, friction 
clntches, and other devices may be used. lint whatever 
arrangement be adopted, care must be taken that the motor 
speed, pressure, and current be approximately those designed 
by the makers. If any of these points be neglected, the motor 
will not be working under the best conditions, and there will 
be a Int^s in efficiency. 
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The importance of this will be made clear in the seqael. 
Attention will be drawn to the different tjrpes of electric 
moton and the kind of work for which thej are specially 
adapted. And an electric plant will be shown to be more 
flexible and suitable for a greater variety of conditions of 
working than any other means of transmitting and distribnting 
power now in vogue. 

The general idea involved in the expression *' an electrical 
transmission plant" has now been explained, and the way is 
cleared for a more minate stady of the electrical part of the 
subject, which is the main theme under consideration. 
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§2. INTRODUCTORY. 
Thk aathor haa uot thought it advisable to enter into an 
elementary discusaion of the principles underlying the con- 
struction of dynamo-electric machines. This is tho province 
of teit-books on electricity and magnetism. Here the object 
aimed a,t is rather to develop the lines on which these princi- 
ples are applied in practice, and to give useful information to 
those using electric plant. Although machines suitable for 
the transmission of power are chiefly considered, yet the method 
advanced is equally appHeable to dynamos intended for lighting 
and other purposes. 

First, it is necessary to distinguish between the dynamo 
and the motor. In the introductory remarks it was mentioned 
that the dynamo was a reversible machine, the motor being tho 
converse of the dynamo. The functions of the two machines 
must now be compared. The chief conditions of working in 
the two cases are widely different, and these distinctions must 
be duly considered in the design. The dynamo will uauaily 
be driven at a speed as nearly constant as possible, and will be 
required to give a variable output at a constant pressure. 
The motor will usually be run at a fairly constant pressure 
of supply, and will be required to give a variable ton|ue at u 
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coustant speed. The dynamo in most caaea will be placed in a 
dry engine-room, and will meet with at least as mucli attention 
and care as ordinary steam plant. The motor, on the other 
hand, mnst be in cloae prosiraity to the machine driven, and 
will frequently be in a dusty, dirty, and mora or leas exposed 
position; and the attendance will be most likely a few visits 
daily at the most. The dynamo will probably run with fairly 
steady loads, and not be subjected to large sudden variatiousof 
output. The motor must, in the nature of thinga, meet with 
rougher usage. If the work be intermittent, the stoppages 
frei^uent, or overloadiog common, the motor must meet the 
demand, no matter how great the strain. It follows, therefore, 
that the motor should be built with a larger factor of safety than 
18 usually necessary with a dynamo ; and that extra care should 
be given to the insulation and general details. To enaure due 
prominence being given to these conditions, it is the author's 
practice to base the design of the dynamo on the total armature 
E.M.F., and to give special attention in the building of the 
motor both to the maximum and the average torque. 



§3. UNITS AND SYMBOLS. 
To make the equations suitable for the drawing 
pound-minute units will be used. The author has for some tii 
endeavoured to use the C.G.S. system in dynamo design; but he 
has invariably found it necosBary to convert the measurements 
into I'Inglieh quantities before the drawings could be nsed 
in the shopa, because the workman uses a foot-rule and thinks 
in eighths and quarters of an inch. The decimal system has 
not met with much favour in this country ; and until it is in 
more general use there is nothing to be gained by making 
the duplicate measurements. To the pure physicist the 
C.G.S. syatom of units offers a real advantage, for it simplifies 
his work; but to the construction engineer, at present at any 
rate, it only means an increased number of figures with a cor- 
responding chance of error from clerical slips. The symbola 
will be as nearly aa possible those used in Prof. Silvanus Thomp- 
son's "Dynamo-Electric Machinery," because these are, no 
doubt, already widely used, and so will be readily followed by 
the majority of men interested in the subject. 



I 



in inches. 
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Symbols used in the following Calculations and Equations. 

A = area ia square inches. 

AT8 = ampere turns with armature on open circuit. '\Both refer to field- 

CT8= compensating ampere turns for full load. f magnets. 

B", = magnetic induction per square inch of armature cross section. 

B'V = magnetic induction per square inch of field-magnet cores. 

B\ = magnetic induction per square inch of area of air gap. 

Na, Nf y Ng = total magnetic fluxes severally in armature, field-magnet, 
and air gap. 

Ca= total number of conductors in armature, counted all round the 
external periphery, and therefore applicable to either drum or 
Gramme winding. 

Om} 8 = total number of turns of wire on series and shunt coils respec- 
tively of field-magnets. 

D = outer diameter of armature, 

(2= inner diameter of armature, 

r=: radial depth of iron of armature, 

i= length of armature reckoned over iron, J 

E = total electromotive force generated in armature, either' 

dynamo or motor, -in volts. 

= difiference of potential from terminal to terminal, 

t= current in external circuit, \ 
ia = current in armature, / . 

ig = current in shunt coils, T ^^ amperes. 

I'm = current in series or main coils, ) 

91= number of revolutions per minute. 

jP = number of pairs of poles. 

K= resistance of external circuit, \ 

ra = resistance of armature coils, / . 

r. = resistance of shunt coils, T "^ ''*^"^^' 

rm= resistance of series or main coils, } 

T = torque or turning moment. 

v = coefilicient of magnetic leakage. 

$ = length of air gap on one side only, ^ 

w= width of polar cavity, I 

Lg = length of polar cavity, \ i" inched. 

wia , «if , mn = mean length of magnetic paths, respectively, I 
in armature, cores and pole pieces, and yoke, J 

Fob Alternate Currents. 

V mp = total impressed electromotive force of armature, \ 
Vimp = impressed diflference of potential from terminal 

to terminal, \ in eflTective volts, 

Vr = resultant electromotive force, 
Vg =6elf induction electromotive force, 
tunp= impressed current, ^ 

id = dynamic or working current, j-in effective amperes. 

I'o = wattless or condenser current, J 

L= coefficient of self -induction in iienries. 
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H FIRST APPROXIMATION TO THE SIZE OF AIIMA- 
TUfiE FOE A GIVEN OUTPUT AND SPEED. 

The first point to determine in designing a dynamo ia the 
size of armature that ia best suited to meet all the require- 
ments of the problem. Usually the volta, amperes and speed 
are fixed, and frequently the selling price too. The latter item 
cannot be specially diaeussed, but a few hints gathered from 
practice will be given when possible. We know, then, e, i and 
n. The sine of machine can generally be selected by reference 
to a price list, and by making a few rough calculations. But, 
if the typo be new to the shop, no data are available, and it is 
necessary to resort to a few figures and to solve a fow simple 
equations. 

The output of any dynamo is proportional to the volume of 
the armature, the number of revolutions per minute, and the 
magnetic fiux. Hence output oc ^D^nN.i, where A is a dimen- 
sional constant to reduce the product to watts or horse-power. 
The author first published empirical equations ot this form 
in 1888, and coupling Na and k, be based the resultant value 
on an average magnetic density and radial depth ot core. Such 
assumptions are found to be fairly correct for the greater 
number of bipolar machines with outputs of from 10 to 
100 H.P. ; but below and above these limits the equations are 
not so nearly in accord with actual results. Small machines 
realise smaller outputs than this theory indicates, owing to the 
disproportionate resistance of the air gap ; while in large 
machines the output is so largely affected by the design of the 
field-magnets and the arrangement of the poles that separate 
calculations are needed for every type. Nevertheless, similar 
equations can easily be determined for any size and type, but 
the constant must be adjusted to suit the conditions. For 
Gramme armature dynamos the author finds the coefficient 
0-01 to give fair results between the limits stated; and for 
drum machiues 0015, the output in each case being in watta. 
Thus for dynamos :— 



^ 



Watts = iD^w 001 (Gramme). 
Watto = iD37iO'015 (drum) . 
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and for motors, eatimating the output in brake horse- 
power : — 

B.H.P. = lD^nO 00001 (Gramme) , (3) 

B.H.P.-iD=n0000015 (drum). . , (4) 

It should be noted that a drum armature Is capable of 
giving an output which is 50 per cent, in exceas of a Gramme 
ring of the same over-all dimensions. This enormous advan- 
tage in the weight efficiency of drum armature machines is 
welt recognised, and where the conditions of running admit of 
the design it should be invariably used. Indeed, if it were 
not for the difficulties in the winding and insulation of drums, 
Gramme armatures would soon be obsolete. The superiority 
of the drum lies chiefly in the followicig points : (a) it has 
no inside vrires to cause an internal field, as well as to increase 
the dead resistance of the winding ; (h) there is leas in- 
equality of E.M.F. in the coils, since each turn of wire embraces 
tlie whole armnture field ; and (c) the iron can be carried 
right to the shaft, and therefore the magnetic induction per 
unit of area may be made low, though the total flux be very 
large. 

The Gramme winding, although causing an internal field 
and a more irregular distribution of the lines of force, is better 
adapted for rough work, since coils of very different potentials 
are not in close contact, as occurs with ordinary drum wind- 
ings. There are arrangements of drum bar windings with 
spiral or crank-shaped end connections which obviate this 
objection to some extent ; but experience has all along pointed 
to the Gradime type of winding as the safer for hard work. 
The author has tried both methods, and has no hesitation in 
advising the Gramme winding for high-tension transmission 
dynamos and motors. For lighting dynamos of, say, from 
100 to 200 volts, the drum type, with bar windings, and spiral 
strip connections, is the better, and is generally a " 
when other considerations do not prevent its use. 
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□s of the armature for dynamo or motor 
1 t be known, and the calculation of the 
d d with. 
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§5. FUNDAMENTAL EQUATION CONNECTIKO THE 
TOTAL KM.F. WITH THK ARMATURE CONSTANTS. 
The Fdctor oF prime iniportaDce in armature deaign is E, the 

total E.M.F. The value of E is determined by the relationship 

E-.±.>. <5) 

The positive sign must be used for the armature of a generator, 
and ttie negative for that of a motor. The armature current 



i known from the conditions of the problem ; 
be determined, aa the winding ia not yet chosen, 
value must be aubatituted in (5), which can 
when the gauge and number of turns of wire 



but r, has to 

An assumed 

be amended 

u-e definitely 

yet be fi.ted, but it 



fixed. The numerical value of i^ r 
can be conveniently eipreaaed as a percentage of E. The follow- 
ing table of approximate values will be of use at this stage : — 

Table A. 

Output af dynamo u r^ expressed aa B 

or motor in H,P. percenta^B of E. 



The total armature E.M.F, is given by 

E = C.N.™1^. 
60 



(G) 



C„ the number of turns of wire counted all round the 
periphery, is the most important variable ; n is the number 
of revolutions per minute, and is given by the conditions of 
running. N, is the total magnetic flus, and is nnmeriealiy 
equal to the product of the number of sq^uare inohea in the 
cross section of the armature iron and tlie magnetic density per 
square inch, or 

N.= B,"2riO-85 (7) 

The coefficient 0'85 is introduced to allow for the insulation 
between the plates of the armature. 
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The value of I was fixed when the over-all din 

the armature were chosen; and so in practice would be that of 
r ; for the radial depth of core has presumably a fixed ratio to 
the diameter of armature for a given fype of field-magnet. 
Various considerations determined by experience Si the mag- 
netic flux per unit area at from 90,000 to 1 10,000 linea of force. 
Therefore N. can rcadilj'' be determined as soon as the she of 
armature is aelected. 



S6. THR RATIO BETWEEN RADIAL DEPTH OF CORE 
AND DIAMETER OF ARMATURE. 
The following ratios between radial depth of core and dlanie- 
tei' in Gramme armatures have been taken from practice, and 
illustrate the difference of opinion on the subject. Tliey all 
refer to bipolar machines. It will be noted that they vary 
from -^ to ^. 

Table B. 
Diameter of core = D, Badial depth of core=n 



4 



In multipolar ilaiigD tho radial depth will be i;iven spprosimately b; 
-, where r is the depth for a bipolar machine and p Li the number of 



7. DETERMINATION OF THE NUMBER OF CON- 

DUCTOltS ON THE ARMATURE, 
riie factor neither known nor approximated to as yet is thi 
iiiberof conductors. This is found by putting 
n y- '■■0 
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which determines the trial valua of C.. DWidiug the necessary 
number of tuma into the apace for winding on the periphery 
gives the width over the insulation of one turn. Deduoting 
the inaiiUtion thickness, say, from 7 to 8 mils on each side 
of the wire, the remainder gives the net width of copper. 
C„ may be a number that will conveniently form one or two 
complete layers on the armature ; if such be the case, a round 
wire may be generally chosen ; but if the number will not fit 
into one or two layers, it will be advisable to use a wire of 
rectangular section, the width being such as to fill up com- 
pactly the winding space, and the depth such aa to give a 
suitable air gap. 



The current density has been thus far purposely neglected, 
as the determination of a suitable number of turns is of the 
first importance; and therefm'e special stress has been laid 
upon it. The relation oE cross-section of copper to the current 
must now be carefully considered, since the heating of the 
armature {i^ »-.), as well as the fall of potential (i^ rj, and the 
efficiency of the machine depend on this. No current density 
can be said to be the best in all oases ; it is a question of size 
of machine, cooling surface of armature, character of output, 
peripheral velocity, ventilation, and time of duration of 
maximum load. The practical limits are between 1,500 
amperes per square inch in large machines, and 3,000 with 
outputs as small as 5 H.P. The permissible total heat waste 
for a given rise of temperature in degrees Fahrenheit may be 
roughly estimated tor any ordinary armature by the following 
empirical eijuation, which is based on a surface velocity of 
about 3,000 feet per minute i — 



Rise of temp. Fahr. deg. = 



Watts G4 



k^urfuce n 



(8a) 



The constant is determined for the exterior surf.iceB only ; 
hciice, for Grammes, the surface is given by the perimeter 
X the length + the area of the two end winding apaces; and 
for drums the length may be measured from the commu- 
tator along the extreme length of the winding in order to 
allow for the two ends which arc usually covered up— if 
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they are open their a 
surface. 



3 should be included in the cooling 



The usual rise of temperature arranged for by designers is 
about 70°F., and then the equation allows an area of rather 
more than one square inch per watt. This is an ample 
allowance for most small and medium size armatures, but it is 
not nearly sufficient with very large machines having massive 
iron cores. InterDsl ventilation and, perhaps, a " forced 
draught" have then to be resorted to — as is seen in the ease ot 
the modem bar wound drum armatures. The vratts must be 
understood to comprise the heat from all sources, hysteresis, 
eddies, and ij'r^ loss in the copper, If the number of volts to 
be lost over the armature resistance be determined from Table 
A, then r, is known, and the cross-section of copper to give this 
value with the calculated number of turns can be found. It is 
advisable also with Gramme armatures to consider the depth of 
copper in relation to the radial depth of armature core, since 
the output of the machine will vary as the depth of the copper 
up to a certain practical limit. This point ia reached where 
the air gap becomes so deep that the resistance is too high for 
the field eioitatioa to give the necessary magnetic density; 



or else when the ciroumflm 



^ '■. t:. 



on the armature t 



cross and back fields of such magnitude that sparking ensues. 
It should be remarked, however, that the output of the arma- 
ture is not greatly affected by even considerable differences in 
the length of the gap. For, with the standard sizes of Gelds 
the excitation is practically fised, and so a large gap with deep 
copper implies a weak magnetic density ; and a small gap with 
leas copper means a corresponding gain in the number of lines 
of force. 



Two empirical equations, due to Mr. W. B. Esaon, connecting 
the circumflus and the armature diameter, are important, for 
they give at once the permissible value of C.. 

* Thifi expre^ion for tlie circumflui of an armnture ia applicable to 
tiiachinea witli auy uumber of polee, ntid must not be mnFounded with the 
»m[iere turns. The numeral occurs Bimply becauae the aymbol i, ia cliosea 
to represent the total armfituie current and not that in each cuuJuotor. 
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For Gramme armatiireB — 








Circum9m = 


I.e. 

2 


= D 1000; . 


for drum 


armatures — 








Ciroumflui = 


!^- 


= D 1500, . 



(10) 

D in each case being the diameter measured over the wiudiDg 
in iiiohes. 

Practically, with Gramme ring armatures, it is found that 
the bent all-round results are obtained with a ratio of radial 
deptb of copper to iron of from ^ to ^g. With drums aome 50 
per cent, more copper may be allowed, aa is evident from the 
empirical equations (I), (2), (9), and (10), 

Tbis ratio is important in Gramme armatures, because the 
narrow section of iron must be magnetised to at least B." = 
100,000. In drums this ratio has no meaning, since the iron 
is madeaadeepasposaible, reaching even to the shaft itself, and 
the depth of copper is determined simply from the heating 
limits and the possible length of gap, having regard to an 
economical field-magnet and excitation. 

The thickness of the copper being known, the length of the 
air gap can be determined approsimately. It may have to be 
adjusted when the field-magnet excitation is calculated from 
the trial equations. 

§8, DESIGN OF FIELD-MAGNETS. 

The function of the field-magnets is simply to supply the 
necessary magnetic flux, with due regard to an economical dis- 
tribution of iron and copper. The shape does not directly enter 
into the question, and is really a matter of convenience, 
and perhaps fancy. Broadly speaking, field-magnets may 
be divided into the bipolar and multipolar types, each of 
which is subdivided into a number of forms, sometimes pos- 



Mr. i 



* In (9) and (101 the ditiineter U expressed in inches instead o[ centJ- 
a the coefflcientB have ditferant values from those given by 
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seBsing real udTtintages, but often onlj ezpreaBiag iDdividual 
taste. Some of the more general designs ore shown in 
Figs. 1 to 9. 

(a) The Single Uagnetic drcnit Slpolar Field-Uagnet.— 
This popular shape of magnet is simply a development of 
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1. 1.— Wrought Core*, Ca«t Yote, 
Upright Type. 



Fia. 2,— Cut Iron. 




B 



the primitive horseshoe magnet, and is lai^ely used in both 
the upright and inverted forms (Figs. 1 to 3a). The former 
arrangement has a lower leakage coefficient than the latter, and 
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is generally adopted for small armatures ; but since the centre 
of gravit; of the rotating part is high there ia a tendency to 
instability, and, consequently, with large diameter armatures 
tbe Utter is more generally adopted. 

The single magnetic circuit 6eld-magnet is cheap to build, 
and ia escited with a relatively small quantity of wire. Its 
principal disadvantage lies in the unequal distribution of the 
magnetic lius in tbe polar apace, and hence inequality of iu- 
duetion in the armature wire. For this reason drum arma- 
tiirea are most frequently used in these fields. Large Gramme 
rings are practically impossible with the single magnetic cir- 
cuit. The largest size, in the author's opinion, that is advisable 
is a diametei* ot about 12in.; if this be exceeded there is a 
tendency to spatk with large outputs, so that the armature 
cannot be loaded to its proper limit. Larger sizes should be 
run ia double magnetic circuit bipolar fields, or, if very large, 
in multipolar fields. 

(b) The Donble Magnetic Circuit Bipolar Field-Magnet. — 

Figs. 4, 5, and 6 illustrate this well-knowa form of field- 
magnet, and show tbe yariety of ways in which it is built. 




The resulting distribution of magnetism is symmetrical, though 
the "field" as a whole may be rotated considerably {see Fig. 14a, 
page 51). Therefore a Gramme armature as large as, say, 15in. 
in diameter may be profitably excited in this type. The chief 
objection is that the number of ampere'turne in the exciting 
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coils has to be about twice as great aa in the single-circuit 
type for a given induction in the armature. This type hiis 
also a larger coefficient of leakage than the single magnetic 
circuit. 

If the armature be ISin. or more in diameter, it will be 
odviaable to increase the number of pairs of poles, although by 
doing BO the exciting turns will be somewhat more u 




FiQ. 5. — Wrought Iron Cores and Cast Iroo Pole Pieces. 



Fro. 6. — Wreu^ht Iron. 



(e) Multipolar Field-Magnets. — The two types most in 
vogue are shown in Figs. 7 and 8. It is not easy to state 
exactly at what diameter of armature it is commercially pro- 
fitable to depart from the bipolar type. But there seems to be 
some connection between the angular width of the polar cavity 
and the diameter of the armature. The ratio of interpolar space 
to the width of the poles, with Gramme rings, is usually 
about 1:3; and the width of the pole, w, may be expressed 
in terms of the diameter, as 
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If the maximum ecoaomic diameter with a single magaetic 

circuit field be 12in. the width of pole will be — ^ = 12-5 

JQcbes approximately. With a double magnetic circuit the 
diameter may be aa large as, say, 15in. ; and the polar 

width will be ^-^ =15-75. The limiting width of the polar 



7:^^ 



XiiZ 



PiQ, 7.— Wrought XroQ, Four Poles. 

cavities therefore varies between 12'5iu. and 15'75in. These 
limits accord well with practice, poles seldom being found 
shorter than the former or longer than the latter in multi- 
polar designs. Continental engineers have lately developed 
large Gramme rings with multipolar field- magnets, and have 
attained considerable success. Recently this design has been 




appreciated in England and America. Some four years ago 
the author selected it for large tranamiRsion-of-power machines, 
and also for central-station dynamos ; Mr. Kapp has developed 
the same idea, using, however, drum armatures ; and the Thom- 
son-Houston Company have also adopted the device for their 
traction dynamos. 
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(d) Armour-clad fields, as in Fig. 9, are coming into u 
certaia purposes, particularly for motors which have to 
in very exposed positions. For tramcars, they are often 
with only one aiciting coil, one pole piece being made 
short. 



built 
very 




—Made in Wrought or Cast Iron or with Wrought Poll 
Coat Yokea. Armour-clad Tjpe. 



This type (see Fig. 10) offers no apecial advantages other 
than the excellent protection it afibrds to the armature and 
field winding. 

(e) 0«neral Conclusions with reference to Field-Magnet 
Besigii. — A point to be specially observed before discuaaing the 
proportions ot iron and copper is that no one design of field is 
equally well adapted for every size of armature. If cost of 
production be the ruling factor the aiugle-magoetic circuit type 
is preferable for armatures up to, aay, 12in. in diameter ; from 
this to 15in. the double circuit may be uaed ; but from ISin. 
and upwards one of the multipolar forms should always be 
employed. 



This feature of dynamo design has received little attention 
outside ot the workshop. The author has been led to investi- 
gate it when designing large machines ; and he some time ago 
diacuBsed at length the relation of weight to cost, with varying 
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typea of machines.* He 6nda that the curves connecting 
weight and output, and cost per kilowatt with output, follow 
T«rj different laws with distinct types of machines. The 




Fig. 10.— Thomaon- Houston Tr 



Bubject ia interesting, but rather outside the scheme of this 
book, and therefore only two diagrams will be given, which 
show the general shape and order of the curves. It will be 
seen that the weight - output curve follows practically a 
' BUalTical EmUw, Jul;, 1892. 



MAGNETIC INDUCTION IN IRON, ETC. 

stnught line law, and that the output of Et dynamo or motor 
ie proportional to the cube of the linear ditnensiona of ths 
machine, practically of the armature diameter (see Figs. II 
and lU). 



The qneation of material has not yet been mentioned, because 
this ia rather a matter of coat and convenience. The Decesaary 
BQCtiona and corresponding inductions with wrought and cast 
iron are given in the following Table C, and the student 
can estimate for himself the relative advantages. Practically, 
with bipolar machines at the inductions usually employed, 
via., B"! = from 77,000 to 100,000 io wrought iron and from 
45,000 to 50,000 in cast iron, the relative magnet crosa- 
sections ahould be in the ratio of 1-6:3, the effective armature 
section being taken aa unity. Of late, cast ateel magnets have 
been uaed with some success. The induction curve for cast 
steel lies nearer to that of wrought than to that of oast iron, 
and BO there seems a probability of its use becoming mere 
frequent. 

Table C. 
Tablb giving Area of Wrought and Cast Iron to corrtipand to 
given indvelions in air, aauming all t/te lines to pass through 
the iron ami none to leak. 



w 


ouglit Iron. 


Cast Iron. 


Air. 


Area. 


BV 


Area. 


B".. 


B. 




70,750 


2'2 


36,500 


100 




90,750 


217 


42,000 


200 




100,250 


E17 


46,000 


300 




100,576 


2'07 


48,500 


400 




100,650 


r9 


52,500 


500 




100,770 


19 


54,500 


600 




110,060 


1-93 


57,250 


700 




110,150 


l'B3 


69,760 


800 




110,250 


1-a 


61,760 


900 




110,265 


1-74 


65,500 


1,000 




110,500 


1-7 


65,250 


1.100 




110,650 


1-7 


66,500 


1,200 




110,760 


1-6 


67,760 


1,500 




110,800 


1-6 


69,260 


1,400 




110,900 


1'57 


70,250 


1500 




120,000 


1-4 


71,250 


1,600 



Frum George Holliday's " Holes on Deeigus o£ Small Djuamus," p. 55, 
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Annealed mild Bteel has met with some favour, but is not 
ikely to superaede wrought iron at present. Good samples 
how a permeability equal to that of Swedish iron, and there- 
ore better than that of ordinary magnet forginge, which are 
Bimply heavy machine scrap, and often of doubtful quality. 

The shape of the magnet corea is of importance, because the 
length of the mean turn of the winding is affected thereby. 
The cirtle has the minimum perimeter for a maximum area en- 
closed, and therefore possesses the ideal section ; and the square 
gives, from this point of view, better results than any other 
rectangnSar form. Structural considerations, however, carry 
great weight, and it is found in many designs that a rectangular 
core, with length equal to twice or three times thedepth, most 
nearly meets all the conditions, in spite of the extra expense ia 
copper. 

§9. CALCULATION OF TEE MAGNET DETAILS. 

(a) Winding Space. — la tho preceding section the usual areas 
of cross-section of armature and field-core were shown to be in 
the ratio of 1 ; 1 '6 for wrought-iron magnets, and 1 '. 3 for cast- 
iron. These ratios are not absolutely the best in all circum- 
stances, but io practice they give economical results. It may 
be assumed, then, that a type of Geld is chosen, and that the 
material has been decided on. The area of tho field-magnet 
cores will also be known from its relation to the area of the 
armature iron. The open factor at present is the length of core 
to carry the exciting coils. This cannot be settled without 
calculation ; but a few trial -and- error determinations will show 
the minimuip length required to carry the necessary turns of 
wire, allowing at the same time the proper area of surface for 
the watts spent. For bipolar single magnetic circuit machines 
0'75 D, for double circuit 0-9 D, and for multipolar fields from 
0'4 D to 0-5 D will be very nearly correct for all ordinary 
designs. And when the other quantities are properly balanced, 
the number of square inches in the surface of the winding, 
not including the ends, will be equal to about twice the number 
of watts wasted in heat ; or each watt of energy wasted in the 
niaguet windings will be dissipated through a superticial area 



^ 



oftwostjuaro iuchea. This is found to be sufficient in macbines 
witb windings not exceeding 3'5in. in deptb ; but for large 
macbioes a greater margin is preferable if it can be obtained. 
A uselnl equation for determining tbe probable rise in tem- 
perature in degrees Fahrenheit is — 

„■ , ^ . , Watts 100 ,,„ , 

Rise ot temp, Fabr.deg.^y^^pf^3^^^^^^. ■ (IOa) 

Here, tbe cooling surface does not include the euda of the 
shapes, but is expressed by the perimeter of tbe coils x their 
height. The permissible rise of tcmperatitre is generally about 
60''F. ; under these conditions tbe empirical eipiation allows a 
radiating surface of nearly 17 sq. in. per watt. This is suffi- 
cient for HQiall coils with shallow winding; but if the depth be 
more than 2 5iu., the margin must be increased. 

(i) Poles and Polar Extensions, — Tbe neit point to determine 
is the length of the polar cavity. Thia baa already been referred 
to in gS, division (c), and the practical limits have been given. 
It may be further noted here that since the magnetic resistance 
is lowered by increasing the width of the polar cavity, it appears 
advisable to make the arc embraced as large as possible. But 
this ia limited by tbe strength of the cross field, which is 
directly proportional to the extent of the pole pieces. With 
drum windings the lead of the brushes is comparatively little, 
as the field disturbance is small, and so the polar angle may 
be somewhat larger than is permisaible it a gramme ring bo 
used. A safe rule is to make the angle 135deg. for drums 
and 125deg. for Grammea ; but both of these figures may 
require to be slightly modified by the peculiar conditions of 
the design,* In a well-proportioned dynamo, when the arma- 
ture is carrying the maximum circumfiux for its diameter,! the 
brushes will require a lead just aufScient to bring them under 
the tips of the pole piece, so that the lead and the width of the 
polar cavity roughly depend on each other, The ratio of area of 
polar cavity to the cross-section of the magnet core is determined 
mainly by the induction B'g in the gap. It is not found 
economical to push the flux beyond B"p = 33,000 ; and, there- 
fore, neglecting leakage, the ratio of area of core section to polar 

• S« § B, diviBiou (c). t Sec cjuBtiuQS (9) and (10), p. 22. 
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cavity will be, approiLmately, 1;2 75 if wrought iron, be used, 
and 1 ; IC for cast iron. But there ia alwaja a certain loss of 
magnetism from leakage, and it is necessary to allow for thia 
in estimating the total field core flm. Calling the leakage co- 
efHcient v, the relation between the field lines and the armature 
lines is expressed by 

N, = i'N.ori-N,. 

The assumption that the armature indaction is equal to tha 
induction in the gap will not introduce a large error for 
ordinary designs, and it simplifies matters. The stray field is 
not constant for every type of magnet, but varies with the 
armature induction, increasing in value as B''^ approaches its 
maximum. Tiio practical values of v in the types of machines 
most in vogue are given in Table D, 



Table D. 

Table givm<j Approximate Values of v, t/ie leaiage corfftcienf, for 
various types of FieU-Mngnets. 



Type oj Uaanet, 



Oj)eii Circuit. 



Full Loud. 



S-landHj 



vertedforin,FiEa.3ftnd3if 
Double magnetio circuil,) 

Figa. 4, 5 and 6 f 

Four-pole machinei, Fig. 7 

Fig. 8 

Armour-clad field, Fig. 9 



B = from 1'4 to 
r = from 1'45 tc 



K, = froml'42tol'47 
i>,=from I'aTtol-e 



(c) The Yoke. — The yoke ia that part of the magnet which 
connects the cores. It ia not usually covered with windings, and 
is made either in wrought or cast iron so as to suit the design. 
Generally cast-iron is preferred, since the bed and yoke can, in 
many cases, be combined in the same pattern. If this device 
be adopted, as in Fig. 1, p. 23, care must be taken that 
the ytath through which the magnetic flux will principally 
oaaa is at least as wide as the area of cross-section of the 
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oores, and usually it is [oand advisable to make it about 1*9 

times larger, if the cores aud yoke are of the same material. 
If tlje cores be made iu wrought and tlie yoke in cast iron, the 
area of the croaa-seotion at tight angles to the lines of force 
should be about 1'6 to ^0 times as great for the latter as for 
the former. Atteution must be giveu to the joints between the 
cores aud the yoke, that they be truly machined and be in close 
contact over the entire face. In maohineB of the double-magnet 
circuit type there is no yoke, since the pole pieces are connected 
directly to the magnet cores; these joints must be carefully 

In some designs the polar cavity can be bored from the 
solid iron {tee Figs. 3, 3, and G) ; but in others it is necessary to 
attach extension pieces, so as to increase the polar cavitj 
(see Figs, 1, 4, and 5). Hut the Uimeiiaions ot the pule-pieoes 
will in all cases be governed liy the rules already givsn. 



§10. CALCULATION OF THE FIELD EXCITATION. 

{a) The following points have now been determined :^Tbo size 
of armature, the gauge of wire, and the niiniber of turns for its 
winding ; the shape of field-magnets, and length of the wiudinf^ 
space ; the bore of polar cavity and the width of the poles ; the 
magnetic flux, and the densities in armature, gap, field corea 
and yokes. 

Tlio excitation necessary to give these flinea and the corre- 
sponding winding have now to be calculated. The method 
adopted by the author does not take into direct consideration 
the permeability of the iron, this being understood in the 
proposed limiting values of B. It ia baaed on curves {tee 
Fig. 12) connecting induction per square inch of core with 
ampere-turns per linear inch of distance through which the 
induction has to be maintained. (The principle of these curves 
was first suggested by Dra, J.and E. Hopkinaon in 1886.) The co- 
ordinates are the mean values of tlie ascending and descending 
curves of the magnetisation. The variiition of induction due to 
hysteresis is most marked with east iron, and is of little import- 
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ance with well annealed Swedish plates, auch aa are used for 
axmature cores, CBpecially if the induction be about B" = 100,000. 
Therefore in practice no trouble is caused by hysteresis other 
than the loss of energy due to the cyclic change of magnetism, 
which ia rendered evident by a development of heat. The 
calculation for this is given in Table L and footnote on page 173. 
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EO 100 150^260 300 3GU400 45DoO0E5060O66OT00 75O80O 
Magnelliing Force in Ampere-Turns per lineal Inch. 

Fia, 12.— Curves of Magnetic Induction in Iron and Air. 
S«de 01 AmpereTums lot Iron ;-Ooe dIvUlon = 60 Anipere-TnrnB per Incli. 
I. AoneBled Swedlih Chsicoal Plates, as uaed for Anuaturea, 
II. Wmniht Iron Forglngs. ai uaed for Kleld-Magaeta. 
Hi. Caat sTaal. u uMd for Mefd-ManneW. 

v: A"lT??4a"ASpe^''-Tiim.m5Kiply «h>oi»iffl bj eo. 

In Fig. 12, Curve I. refers to annealed charcoal iron plates, 
from 22 to 24 B.W.G. The data are taken from esperiments 
made by Mr. George Halliday. 



Ciino II, rolfttos to magnet iron, large scrap, hammered 
and ftlliiwod to oool Blowly after forging. The values of the 
OO-ordinntea wero originally taken from Drs. J. and R. Hopkin- 
■ons' Paper on the characteristios of the djoacao ; but they 
huve been altered to suit the Bamples of iron nsed by the author, 
moat of wbioh hare been supplied from Yorkshire forges. 

Curve III. is taken from the recent experiments of Mr. Stein- 
mat> with iinneiUed cast steel, which is likely to be largely used 
for majjiiiets. 

Curve IV. is for the class of grey cast-iron generally supplied 
ill I^iidon for magnets, The samples which have recently 
oomo under the author's notice have perhaps a slightly higher 
permeability than that implied in this curve. However, it is 
.best lo be on the safe side with cast iron, as the cooling so 
largely alTeots the results, and with these values there will be 
no doubt about the output of the machine. 

Curve V. shows the number of ampere-turns required to 
send the induction through the gap. Its abscissas are cal- 
oidatod from the equiition 

ATs 1 ,,,. 

^■=0-3I328' S ^"' 

where <! = lin., and 0'31328 is a dimensional coefficient to con- 
vert the absolute measures into practical units. To use this 
curve find the ampere-turns corresponding to the density, and 
multiply by the length of the gap expressed in decimals of an 
inch. 



(b) Excitation for Open Circuit. — The data must now be 
collected in order to make the calculations for the number of 
ampere-turns. It is necessary to know for the armature : — 

B", = the induction per unit area. 
AaOf5= the area of cross section, less 1.5 per cent., which 
will be occupied by the insulating material 
between the plates. 
nt, = mean length of magnetic path in armature core. 
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For the gap ; — 

'j = the induction per unit area. 
= length of the air gap on one aide. 

; = area of one of the polar cavities. 
Tor the field magnets ; — 

B", = the induction per unit area in the cores. 

B"ri = the induction per unit area in the yoke. 

Af = area of core in square inches, 

A[, = area of yoke in square inches. 

Mf = mean length of magnetic path in cores and pole-pieces. 

Dif, = mean length of magnetic paih in yoke. 

I Since the design is symmetrical ahout the perpendicular 
le n 6 (ere Figs. 1 and 4), it is only necessary to measure the 
— p ath of the lines of force around one-half of the circuit. The 
-^icitation thus determined refers to one limb only, and must 
be doubled to give the full number of ampere-turns. This 
uaethod is usually adopted because it both saves time and 
I^Tes smaller figures. 

The eicitation for the several parts of the circuit ia : — ■ 



Armature : — 

Field oorea :— 
Field yoke ;— 
Gap:— 
And, summing up — 

AT8^>n./(B'.) + n 



m./{B'.). 

m„/(BV). 
8/(B'.). 

,/{B'',) + m,J(B\) + Sf{B%). . (12) 



(c) Excitation to be added at Pull Load. — In the preceding 
equation the demagnetisiug elTtict of the armature is neglected, 
and no allowance is made for the full of pressure over the 
internal resistance of the armature and scries coils. 

The demagnetising and cross-magnetising fields due to the 
armature have been already referred to, and it has been shown 
that these effects are most pronounced with the Gramme t'/pe 
of armature. The subject has been exhaustively treuted 
during the past two years, and need not be discussed in 
detail here. Suffice it to say, that the band of conductors 



lying between the pole tips will, aa a whole, tend to proJuce a 
Held ill the oppoaite direction to that due to the main escita- 
tioH ; while the aoila lying under the pole-pieoea, i.e., in the 
polar cavity, will tend to cause a cross magnetiam, The latter 
is not ot aeriouB importance it the pole-piecea be very thin near 
the centre, as at a and 6 in Figs. 4 and 6. If, however, the 
pole-pieces be very niasaive in the region of the centre line there 
will bo a oroas field, which will have a tendency to twist the 
main Held by crowding out Bome of the forward induotion. But 
this can bo almost entirely obviated with the relative propor- 
tions and shapes of magnets given in ^ 8. 

The demagnstising or back ampere-turns are of more im- 
porlauce, and muat he allowed for by an equal forward induc- 
tion. The disturbance is, with Gramme rings, proportional to 
the armature current multiplied into the number of turns 
iuuluilcd in the angle of lead; and this product must be 
multiplied by the ooefKoient o( leakage between the field and 
armature at full load, since a certain quantity of the field induo 
tlcin Is lost in Hpace. Therefore the compensating turns are 

BTs - C. —uv. = C,— /. V. . . (13) 
'3C0 ' 180 ' ^ ' 

where - the angle of lead iu degrees. 

With drum armatures the disturbance is about one-Lalf 
Kreat, and so the coinpeuHating turns are 



'300 ■ 



03) H 
I- half I^H 

intial, l^M 



Til Ihiil the turns to compensate for the fall of potential, 
U uiiiMiNnary to inako two calcnlatlons for the ATs, see (13), one 
with nil iinrrant flowing iu the main circuit, and hence no arma- 
tnrii ruiiL'l.ioUH, and oxw at full load. The former will determine 
llio MtrciiKtli of the Hhnnt ouila it the machine be compound 
wound ; uud the latter will givo the shunt e.u'itatiou plus extra 
turuK to be added for tlio fall ot potential due to the internal 
runistanuu. Tli* total oxtiitathin is : — 

ATa fnr open circuit + BTa tor domagnoliaing effects + CTb 
for fallotpotantinl, 
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Practically, with large Gramme rings the two latter quan- 
tities will be about one-third of the firet. 

If the machine be shunt wound the winding must be deter- 
mined For full load, and the BTs muBt be added before calcu- 
lating the gauge of wire. The same remark also applies to a 
series machine. A few trial windings will soon illuacrate the 
point, and facility will come with experience. 

Mr . W. B. Sayers' device* for the "prevention and control 
of sparking " is likely to introduce important modifications in 
dynamo and motor design. It is well recognised that the limits 
of output of a gi^en machine are determined simply by the 
heating and the sparking effects. The former is controlled by the 
current density, the eddies in the conductors, and bysteresia ; 
the latter depends mainly on the eircumflux and the relative 
proportions of the machine, or, briefly, on the armature 
reactions. It is well known that a dynamo requires a forward 
lead and a motor a backward lead to prevent sparking, and it 
is also recoguised that the amount of the lead is proportionate 
to the load. The effect of the angular displacement of the 
diameter of commutation is to cause the convolutions, included 
in the augle of lead to be traversed by currents in an opposite 
direction to the K.M.F. induced in them, and in a direction 
such as to tend to demagnetise the field -mag nets. The demag- 
netising effect of this belt of back-ampere turns is merely an 
accidental condition, and is compensated for by extra esc itation 
&8 already shown; but the reversed E.M.F. is an absolute 
necessity in order to check the self-induction of the current in 
the coils short-circuited beneath the brnahea at the moment of 
current reveraal. The explanation is aimpjo. If the current in 
these coils is acted upon by an E.M.F. in the same direction 
as itaelf, or even if the coils are in a neutral field, it is clear 
that the current cannot be stopped and reversed without a aelf- 
induction spark ; but if the coils, at the moment of reversal, 
are in a magnetic field of such direction and intensity as to 
induce an E.M.F. juat sufficient to counter-balance the self- 
induction of the current, then the reversal may be maile 
without a spark, and the collection of the current will bo 
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Hparkleaa. This apparently complicated action is easily accom- 
plished m practice by simply giving the bruBhes sufficient 
lead ; and it is obvious thai since the armature reactiona are 
proportionate to the lead that the beat designed machinea 
will have the least lead. The converse of the problem is also 
suggested for consideration, tor if a forward lead tends to 
demagnetise the field-magnets of a dynamo it may be reason- 
ably inferred that a backward lead would tend to streugthen 
them. This is found to be so in practice, and many attempts 




Fig. 12a.— P, Trailing Horu of Pola-piece. B, Positive Bruah. a, b, e, d. 
Cummutator C0U3 to fumieh Uie E.M..t'. Deccsaarj' for Sparblesa Seversal. 
S, S, S, S, S^mraits of Commutator. The current iu main coil C has 
to be reversed in paa»og under the brush ; thi9 is etfectetl b; the E.M.F. 
in Uie coil b, wliich la actively cutting Magnetic Lines in the Dense Field 
under the Pole Horn, and hence can overoome the Self- Inductive S.H.F. 
oE thfl current iu C. O P, the Asia of Polea, and N the Neutral Axis kt 
right UDgles to P. The Urge arrow shows the direction cf armaturo 
rotation, and the small ones the direction of the E.M.F, acting in the 
saveral coils. The current is fluvring rouad both sides of the armature to 
tlie positive brush, B. 

have been made to assist the field excitation by the armature 
reactions, but without success, until Mr. Sayers invented his 
Commutator Coils, as he oalla them. Their application will be 



ir. fi. SAYEJtS I'lLMMUTAToK COILS. 



41 



aeen at oncQ by referQnce to Fig. 12a, and a little study will 
make clear tbe theory of their action. In the diagram, which 
represents a Gramme ring dynamo, the commutator bara, S, 
are drawn, for conveuience, outside the armature, tlie main 
windiags are seen to be continuous, and each coil to be coupled 
to a segment of the commutator through a commutator coil, 
a, h, c, d, the order of connecting up being one main coil back- 
wards. It is of special importance to mark that these coils 
only carry current when touching the brushes, and then the 
whole armature current passes through them momentarily; 
also the brush, I), is made aufficieo'Jy wide to always bridge 
over two aegraents. The direction of motion of the armature is 
clockwise, as indicated by the large arrow, tbe brush has, 
therefore, a hackioard lead, and the aclive commutator coil, h, 
is, practically, just beneath the edge of the trailing pole piece, 
while the main current in C is commutated at a diameter not 
far removed from a line at right angles to the axis of the pole 
pieces. In this position the field due to the armature magne- 
tism is partly added to that of the field-magnets, and sparking 
is prevented by the E.M.F. induced in the commutator coils, 
which are cutting lines of force in the dense magnetic field aE 
the trailing horn of the pole piece. These effacts will obviously 
increase in intensity as the brush ia brought nearer to the pole 
piece. The importance of this device lies not so much in the 
application, just illustrated, as in the new line of investigation 
suggested by it. In the first place, it permics a much smaller 
air gap, and, therefore, less escitation in the field coils, which 
means smaller magnets ; secondly, since sparking can be 
obviated, or its magnitude restricted, a greater output may be 
expected from a given armature, heating being the only 
limiting condition, A host of applications at once present 
themselves for immediate consideration, amongst which may 
be instanced -.—Series-wound viotora for traction purposes, to 
which light compact machines are essential; and regulators, 
for compensating the fall of potential on feeders, which, 
carrying widely different loads, are always subject to sparking 
troubles {see §25, page 137). 

The winding details present some difBeulties in practice, 
especially aa regards insulation ; and generally tliu device 
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lends itself most readily to slotted cores in which the main 
winding can be wound underneath and the commutator coils 
on the top, so as to be all but flush with the surface. In one 
form Mr. Sayers has used the commutator coils as keys to 
hold the main winding in position, as shown in Fig. 12b, which 
refers to a slotted drum. In drum windings the ends of the 
main windings are brought to the back end of the armature 
away from the commutator, and the commutator coils are 
simply lengths of wire suflBciently long to couple up to the 
bars. In Gramme rings the commutator coils are wound in a 




Fig. 12b. — Sayers' Winding as applied to Drums. 
ttt Commutator Coils, c. Main Coils. 



plane at right angles to the main coils, and may therefore lie 
on the outside of the armature. Various methods of carrying 
out the device will suggest themselves to different designers, 
but it is too soon to predict the probable results. 
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§ 11. SPECIAL POINTS TO BE OBSERVED IN 
DESIGNING MOTOltS. 

So far the author haa coQaidereil the design of either dyaaoio 
or motor aimply from the point of view of the total E.M.F. 
of the armature, and has given no special attention to the 
torque. But it was mentioned in §2 that in designiDg motors 
it was essential to give due weight to both the masimutn and 
average couples likely to obtain. The importance of this will 
be best seen from an inspection of the equation for the torque 
in terms of the armature constantB : — 

Torque = T = 5^^|1^, .... (l-':) 

or the torque is directly proportional to the product of the 
number of turns of wire, the magnetic flu», and the arma- 
ture current; k being simply a dimensional coefficient. The 
numerical value of k is 852-3 x 10") if T be in pound feet, bo 
that, adopting the practical unit, 

'^ = 85#3"VlO^P°^"'^f«"- ■ ■ • (^''> 
Now, in all ordinary motors the number of tarns of wire in 
the armature, C„ is constant, and only the current i„ and the 
magnetic flux N^ vary. There are two simple cases for con- 
sideration in practice. First, when both t, and N, vary. This 
occurs with a series-wound motor, and it should be noticed 
that a relatively small increment of current may cause a con- 
' aiderable increase in the value of the torque, for the magnetism 
will be greatly varied at the straight part of the characteristic 
with low values of B, and therefore Ni will at this point 
increase much more rapidly than i, ; whilst after the knee of 
the curve is passed the rate of increase of N, for increments of 
I'l will slowly decrease, until a point is reached where the torque 
varies simply as the current. 

The second case is where N^ is constant, and t„ alone varies. 
This condition is given with a shunt-wound motor, if it be as- 
sumed that the armature reactions are negligible. The torque, 
therefore, will simply vary as the armature current ; it will be 
a minimum with small loads, but will finally attain the same 
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tnajimuin vtihie as it would if the motor were series woi 
Both oF these windings give specinl advantages to a motor, and 
hence they are severally selected for particular work. The 
coin pound- wound motor is a cotnbinatioD of the two methoda, 
and has not met with much favour as j'et. The uses of t 
three types of winding are more fully discussed in §14. 

It remains now to investigate the best lines upon wbicj 
to buiid armatures for special turning moments, 

If the desired brake horse-power and the speed of the mol 
be known, the work per revolution and the torque can be easS 

determined. 



The work per revolution in foot ponndi 
B.H.P. 33000 



foot pounds . . . 

.... -, B.H.P. 33000 , , ^ 

and the torque T-= .^ — — pound feet, . . . 

where n = revolutions per minute. 

It should be noticed that T ia independent of the diameta 
of the armature. 

The peripiioral pull exerted by the armature 
^B^ P.33000 1 ^^^ 
25rn g '^ 

where g = the radios of the armature in feet. 



This force will act tangcntially on the winding, pmelicalM 
at two parts diametrically opposite each other, and just undtf 
neath the leading horns of the pole-pieces. If the value repi 
sented by B.H.P. be the average |oad, we can thus detennin 
the average strain on the wire ; and if it equal the n 
output the maximum running torque is known. But Buppow9 
the current to fluctuate largely, and at times to exceed thi 
corresponding to the maximum output — at starting, 
exunple, the momentary rush of current may easily be twioa 
. three times as great. Then, from what has \ 
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■aid, it ia clear tfaat the torque will be increased also, and 
it may be ao sufficiently to endanger the stability of the 
winding, or even to bend the shaft. Therefore, in motors it 
18 usual to allow a very large factor of safety by Hupporting 
the winding with Hpeoially-devised driving horna, and by the 
use of much stifTer shafts than are necessary for dynamos 
of tlio same average output. In designing motors, then, it 
is advisable first to examine the limits of the turning couple, 
Bud then to take precautions to ensure sufficient mecbauical 
strength. For tramcar and coal-cutting motors it is usual 
to provide shafts from 2Jin. to 3in. in diameter for outputs of 
from 15 to 20H.P. 



§15. PKACTICAL EXAMPLE OF PRECEDING METHOD 
OF DESIGN, 
The application of the principles of dynamo and motor design, 
described in the preceding sections, is fairly illustrative of 
the ordinary methods followed in most drawing olEces, but 
the details are varied Co suit the fancy or necessities of each 
engineer. 

The design has been treated in a general way, so as to include 
as many cases as possible, and hence appears to be complicated. 
In practice, however, owing to filed types of field magnets, 
definite sizes of armature plates, and data from machines 
already built, it is very simple. A machine can be designed 
for a given output at the required speed in a very short time ; 
indeed, nearly all of the calculations will be in simple pro- 
portions that can be seen at a glance on a elide rule. 

However, to illustrate the use of the equations, the following 
calcnlations for a 25-umt dynamo and a 25'6-B,H.P. motor are 



It IB assumed that the problem is to build a pair of machines 
to transmit 255 B.H.F. a distance of one mile from the dynamo. 
Bince there is only one motor, the series winding will be most 
suitable for both machines,* this arrangement giving fairly good 

*SteC\ui.)i. IV., B23. 



speeJ regulation of the motor for vnriabla load if the generator 
speed hi! kept constant. 

The efficiency of the motor may ba safely taken at DO per 
cent., and, therefore, the watts absorbed by it at full 1( 



^^ = 28'32EH.P. 
0-9 



If the line loss bo fixed at 5 E.II.P., the output of the dyi 
will bo 33-32 E.H.P. = 24,857 watts. On referring to Fig. 13, 
which gives the volta and horsepower lost per mile of cable, 
with different currents and areas, it is seen that a wire of 
sectional area corresponding to No, 6 S.W.G. will carry 35'75 
amperes with a drop of 52 volts and a loss of 2'5 E.H.P. per 
mile. This is a convenient size of wire,* as small as it is prac- 
tically safe to erect for a permanent lino and is not too costly ; 
it weighs 5S0Ib. per mile, and has a resistance of 14694: ohma 
for the same length. The two miles of line wire will therefore 
have a resistance of nearly 3 ohms and the fall of potential will 
be 104 volts, and the watta lost in it 3,720. Dividing the 
dynamo output by the current {S-T'Tfl amperes), the potential 
difference is seen to bo approximately G95 volts. Since the 
pressure is high the armature winding will be of the Gramme 
type, and the double magnetic circuit two-pole field {Fig. 4) 
will be selected tor both machines. The armatures will be 
made interchangeable in order that one " spare " may cover 
the two machines ; and the field carcases will also be identical 
save in respect of the number of ampere-turns, and perhaps the 
area of the magnet cores. 

Detetmination of Armature Dimensions :— 

From /D'ffiOOl (1) 

15xl5-x800x0-01 = 27,000, 
where ;-15, D = 15, n = l 

This will give a safe margin in output. 

Now, E = e-|-i. (r. + j-J (5). 

and.also E = 695-h(006 x 695).736. . From Table Af 

(Take uud uid a- half tiines the percentage, uiace the Bcld. resiatance 

be included.) 

* The economic Dren la (lurpoacly neglected in tbis cose, ns the Eubjeut btu 
not jet been referred to in the prCflent work. 
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Fio. 15.— CurvBfl showing Volts lost per Mik and i>Er 100 VardB with 
different Currenta and usual Siaea of Cable. Calciulated from the 
formula E=(0-0427/atm) C. Al-o H.P. lost per Mile. 



Eiacrsuc uutivb i 



N.-B',2r/0-S5 . 



and B'. = 110,000. ; 



= 11(1,OO0x5k ]5x0-85 = 7-0)c10''. 



rul this trtid Tklue of N. i 



c- 



N.»Vo-« 7-0 X 10^ K SCO X 10-* 



= 780. 



Th« nrcumfereace of aniiature = -ird = 47', deduct a space of 2' 
fw ihe driring bams learing 45' for the winding. No. 11 
S W.O, will owrj 17 S7.i amperes at a density of 1,800 amperea 
|wr nqiiuv inch : it is OtlG' in diameter when bare, and with 
inmlla of insulation -0-13i!'. Therefore, with No. 11 wire 



I 



llie lunis p«r layer will be 



45 
0133 



:34:0. Two layers will 



fltO tiinm, it; say 68 coils of 10 turns each. The resiBtaoce 
^\vi\\ cold will be about 037, and when hot about 04 ohm. 
Am]ier(tttiniB per coil = 10 x 17-675= 179 say 
)'armiwibl0oiroumllux = D 1000 = 15,000 ... (9) 



Airaimwl cfroimiflm = - 



- = 12,200. 



Tm' layers of thlR wire give fewer turns than the value of C^ 
deterniinetl from (rt\ and tkrre layers give too many, besides 
inureaiiiug tho air gap unduly and raising the circumflux above 
the nafft limiu given by (9). This is 
jirautiuo; the remedy ia to raise the speed, or to i 
arniatuTO iuduoliou : or to do both, 



B nakiiig 



n - 800 X - 



ilQ, say ; 



I 



or, making N. = 70 x 10" x — - 8 00 >: 10« ; 

or, by varying both n and N,. 

To illuBtrate these points the combined method is chosen. 

Since B". is already 110,000, in order to inoteaBe N, it ia 
necessary to make tlie crosBsection of the armature larger, 
and to alter the radial deptli of core, r, from 2'5' to, say, 2-75'. 
Therefore 2ir will = 82'5 sq. in,, and the effective armature 
section will be 825 x 0-86 - 70 sq. ia. 
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The new value of N, is therefore 

7-OxlO''xlI^ = 7-7xlO'i. 

The speed must be raised to give the required conditions. 
Substitute these new values in (8), and solve for it 
E60 ^ 736 X CO _ g^g 
" C.N,10-s 630x7-7xlO--^ 




Fia. 14.— Croai Section of Dyoamo, showing Methtxl o( Design. 

The bore of the poles must next be determined. Allowing 
for two layers of No, 11 S.W.G., suitable insulation, bands, 
and clearance of, say, 0'0937 (3/32") of an inch all round, the 
required bore is 1575, and .'. 3 = 0*375. And let the angular 
width of the pole pieces be 120° at the edf;ea, and 123° in the 
centre ; i.e., let the " horns" be curved in a direction parallel to 
the winding(see Fig. 14), This tends to destroy the abruptness 
of the magnetic flux, and to distribute it more gradually on the 
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leadiDg horns. The t 
I22'5*, or, MLjr, 17'. 

The length of the poles should be a little less than that of 
the armature core, say, in this case, 14*5 : therefore the area 
of each cavity is 1 7 x U'5 = 2 47 sq. in., and B\, the density in 
the gaps, ia found by dividing N, by 24 

7-TxlO* 

-24^- 
This \a a convenient density. 



= 31,000. 



Next, to determine the field indnction : 
N,-.>,N.=^ I 42x7 7x10'' 



(,>, = ! -42) 



X. 10", must be supplied by 



r each ■ 



and half of this flux 
limb of the magnet 

Let the cores be wrought iron, and B''r= 85,000 say, and 
the wea of each core = ' — '- — ^ — . =G5 sq. in. nearly. 

Now tho length of the pole pieces has been fiied at 14'5"; let 
the magnet cores he the same, then the width of each core ia 



65 __ 
145 
1 the maohiu 



4-5'. 



The dimensions of the machine are now sulficiently deve- 
loped to enable a drawing to be made showing a cross section 
of the field and armature cores ; let this be to, say, au inch and 
a-halt scale, as in Fig. U, The length of the magnetic paths 
can be estimated, and the field winding calculations made. 

w,= 23'; m,^ = I6'';m. = 7''; A,= 2ir0-85 = 70; A,= 14-5 x 4-5 
= 05 0; A„ = 110; B",= 110,000 ;B"t= 85,000; B'',i = 50,000; 
and B%>=31,000. 



Tho path of the induction in the armature can only bo 
averaged, since the density is not constant {see Fig. 14a, which 
has been drawn specially to show the probable distribution of 
the lines of force). It is noticeable that the masimum induction 





nULBS FOB FIELD-MAGNET EXCITATION. 61 

only takes place in the areas bounded by the lines a a^,^m.Ahby 
Averaging the path to the denaity chosen, 6"! = 110,000, it is 
seen that the mean distance between the pole tips is a fair 
approximation to the value of ?«..* 




Fw. 14a. 



The excitation per limb for full load is from (12) — 

ATh for armature =m,/(B''.)= 7x 280 = 1,960 

oorsB =m,/(B",)= 23 x 77 = 1,771 

„ polepieoea =ni,|/(B",i)= 16 x 130=2,080 

gap = 2 3/ (B%) = 0-75x9,750 = 7,300 

13,111 

The various " fuactions " for the determined values of the 
I induotions are read direct from the proper curves in Fig. 12 
I (p. 35). Let the value of the ampere- turns be taken at 13,100, 

To Bad the back ampere-turna : Let the maximum angular 
lead $ be 27°, i.e.., nearly to the tip of the leading "horn." 
Then, by (13), the back turns are 



= 680 X .— X 35-75 X 1-42, 
180 

= 5,150 nearly. 

•or value of " v^' see Table D, p. 33.) 

• It in slflo iotaresbLng to mEirk how the direction of tha lines is alteroil 
I after leaving iron anil entering air. This w to be expeL^ted from tlie very 
I differeat permeabilitiea at tlie two media, a aubje<;t wliicli a engaging Ihe 
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And 2,075 ampere-turns must be added to the ei«itati(M rf 
ouch limb, siiioe (13) eBtimates the total denugoetisiag e 
Thoroforo tlie total eicitfttion per limb is 

ATs + BTfl - 13,100 + 2,575 = 15,675. 

Wilt) ft lerlsH maohine no catcuUtioa can be made for "open 
oiroiiit," qiiiao it will not excite unless the main circait be 
oloMod. H the dynamo bo compound wound, this calculation ia 
nccoMory in order to determine the shunt windinj; ; and for a 
■Imple ttiiunt maohine it ia usually sufficient to det«rmine the 
Oioitation at full load only. 

It now remnini to fmd the gauge of wire for the field wind- 
ing!. Thin oim he done in several ways, according to the 
reflult nimod at. 



In A NorioK miioUine* the current ia fixed, and thus the 
gAiitfo of wlro in given by the heating effect, set %9 (a); 
and the niunbor of tuma must be aelected to give the proper 
excitation, lit the doaign under consideration the convolu- 
tions ro'iuircd 

_10G75^^^g ,;^^ 
37-75 *^ 



* It th« n«lit a>lli warn In ahuut, tlimi the potential difibronce would be 
flxwl. «iirl tho Duri'eut finrl tunu bo vtrmbU, tbe ellicienc; increiidiig with 
Ilia mitiiliar ol turnii Iiir k |[I<r«a vntua a! the excitation. Now there is 
i>iiu nvaga of win, Kiiil una nnlr, whivli will ^ve a p&rticular excitation, for 
tlia gWtu iiNtloii of D<>re, at a llxed |iot«nUal diOerenDB. Thij wire being 
uiMi), thd nuDibtr nt uunvoluttnii* alTaota the efBoiency and iiot the value 
of tll(> vxdlatloli. Tll*r«fi>r«, it 1« noooaiary to find the proper area of 
ur»u(iMtlon of wire, ami uaually an it la nntaatook size the next eizelargtr 
i* uLiHtMi. Till* liicraatM l.lia nuinbar of anipere-tums ; but an exteraal 
rMl«lanv« ia null; iiut in wtrlo* with tiia onla, and bonce tbo potential 
illlfaranea can Im atl]u«l*il for any nKjulreil eicitalion. The method 
foUuwed la tu llrat find the iDLigl.h uf a inMn turn of the coil, aay '\.t=\ 
iiiuhea \ llien, tho r«iilitaiu« of a luean turn 

where c, » the |iatoiitlal (tlnVmni« avnilabio ; and ilic gnuge of wire can 
be found br rofaranw tu a tahto of \vti« i<n{i>tancc!i. 



and No. 5 B.W.G. will carry 38 amperes at a denaity of 1,000 
per square inch of section ; and thia will give an ample margin. 
The resistance when hot ia 

440 x/,x 000064: 440x34x0-00064 „„,o v 



where /^^^ length of a mean ttim in inches, and 0-O00G4 
= resistance of one yard of the wire. 

The winding space is 14in. long; allowing 0'75in. for the 
two 9anges of the " shape," and for insulation, there is left a 
net length of 13'25ia. Now 4'25 turns of No. 5 B.W.G. (with 
16 mil insulation) will occupy lin., and so the convoln- 
tiona per layer will be 56. The tuma per coil are 440 ; hence, 
8 layers are required. The depth of the winding is approxi- 
mately 2 in. 

The resistanoe of the two coils is abont 0'516 ohm, and 
the total resistance of the dynamo 0-916 ohm. The pressure lost 
over thia is— 

35-75 X 0-916 = 33 volts nearly. 

Now, in filing the value of E, a fall of 6 per cent., or 41 
volts, was allowed. The winding is thus within the required 
conditions. If desirable, the value for the total E.M.F. can 
now be readjusted and the calculationa amended accordingly. 
Practically, however, it ia auificient to decrease the speed in 
the ratio of 

6D5 + 33 _728_„.„^ 

695+40 735 * ' 

and speed = 835 x 0-99 = 330 revolutions per minute. 

The design of the dynamo is now complete. That of the 
motor is substantially the same ; but special care must be 
given to the driving horns and general details of the armature. 
The speed of the motor is proportional to the counter E.M.F., 



E,-.-.(r. + r.), 



uiJ ike tovqoe is 



or C^'.K (^„ ngv 

852-S X 10* ' 

\ow e,, the Tolts at moUu tenainals, = « - 104 = 591 volta. | 

r", =3o-75. 



uid 1« r_ =0-3, say (trial value with Bii layers on field cores, 
p Bon <uid 660 turns ia all). 

And n and N, are the two unknown variables. It there be any 
purticuUr speed, then n is also fixed. Let 720 be the required 
number of revolutions per minute, then » = Tf!0, and the torque 
is given by (IS) 

25 5 X 33,000 



The periphemi pull on the 
given by (19), and 

B.H.P. 33.000 



= 187 lb. ft. 

at full working load is" 



where 






397 lbs. 
of armature in feet, = 0C25. 



J 

i 



The maiimum stress at starting msy possibly be twice as great, 
or even more, so it is necessary to allow for a pull of, say, from 
600 lbs. to 1000 lbs. Equating to (16), the value of the torque 
found from (18), and taking out N., the required value of the 
armature induction* is found, thus — 



187 X 852-3 xioe 




DBSIBN OF MOTOR. 



B-.. 



B-„ 



70 




G'SSxlO* 


24? 




UN. 




4-585 X 


10* 


65 




4-585 X 


W 



110 



= 41,600. 



The excitation is by (12) :— 

ATs for armature =mJ(B\)= 7x53 = 371 

„ cores = m,/(B'', ) = 23 x 3.5 = 803 

„ pole pieoeB = »«^/(B''„)= 16x66 =1,056 

gap =2S/(B",) = 0'75x8,280 = 6,210 



The back ampere-turns* are practically the same as with 
the dynamo, and, therefore, the full excitation per limb is 

ATa + BT^i = 8,442 + 2,5T5 = ll,017. 

Dividing this by the number of amperes, the number of 
turns per coil is 310, or six layers, as was assumed in the 
approximation. 

This finishes the calculation for the motor. The figures 
have been estimated by means of a slide rule, and so are not 
always quite exact ; but they illustrate the use of the equations, 
and show the general method of designing dynamos and motors. 
It is interesting to notice that the motor is rather large for the 
output, and that the inductions in the field cores and gap are 
consequently much less than those required in tlie dynamo. 
This can be obviated to some extent in practice, by reducing 
the section of the motor cores, making them, say, 4in., instead 
of 4-5in., in depth. Such alterations will readily suggest thera- 
setves. 

* ProWbly the lead at full load will be from Sdeg. to lOdeg. leas than 
that required with the djuainu. If this be eo, the extra turns will be 
torreBpondingly Iehs. 
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g 13. TABUL4TED FORM FOR USE IN DESIGNING 
DYNAMOS AND MOTORS. 

In practice, the difficulties attending the designing of 
machines are very much lessened if the constants and variables 
are classified under their proper heads and in the order in 
which thej come under the notice of the deaigner. The author 
has found the following tables of great utility; they can, of 
course, be modified to suit special requirements. One of the 
great advantages possessed by suc^h a regular system ia that 
the details of diSerent machiuea can be readily compared, and 
hence fresh designa can be got out with the minimum of trouble 
and figuring. To derive the greatest possible benefit from thia 
arrangement the printed sheets should be bound together into 
a volume of suitable size, with an index. 

Table E. 



I'ulfE. Output. 

Magnelie Circuits .... 
Type 



DYNAMO OR MOTOR. 

K.W. I Volta , 

I fievs. per mi 



Ijpa 

Length 

Diameter 

DimenBiouB over iron in. x 

Etfeelive area (,.a6. 0-85) 

Size of bole 

No. o[ coila.., rd... 

No. of convolutioni per coil. . . 
Area o£ bare wire : 



Dimei 



naulfltion : 



Weight of copper lbs. 

Weight of iron lbs. 

Curn>nt deusity per sq. itt. 

Length of mean tarn (t. 

Besistance of copper (hot) from brush 
to brash obnta 

Ciicumflu!( 

Permissible ditto 



COMMCTATOB. 

O vet-all dimcneion 5 I Meial .. 

No. of Eeginents Inauktio 



... in thick. 
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COBES , 

« 

yOKB . 



FIELD MAGNETS. 

.Iron. Area pq. in. Weight lbs. 

Iron. Area sq. in. Weighl lbs. 



'JLREA OF POLAR CAVITY sq. in. Arc of poles, 



deg. 



Ula 



LENGTHS OF MAGNETIC PATHS, taken as follows: 

. . . 1 . . in. mt in. ?/tn in. 8 in« 



IjEAKAGE COEFFICIENT, open circuit, v ; full load v, 



OPEN CIRCUIT EXCITATION PER COIL. 

E.= =CaNa«10-« 

.-.Na , B"a , 

-B' s ' 

N,=i;Na 

.•.B"f , Bfi 



ATs for aimature 
„ gap 

fmt 



n 



field 



\ 



wn 



.-.Shunt ATs 



Eal 

.-.B'a 

Nf = l\ Na 
-•.B"f 



FULL LOAD EXCITATION PER COIL. 

ATs for armature .. . 
M gap 



Vi 

B 



B" 



g 
n 



„ field !"*• 



Total 



Turns per coil to compensate for fall of pressure over internal resUtaoce 
= CTs = minus = 



Total back ampere-turns = BT8 

= Ca 4^1^/360= 

i(ta = armature current) {6 = , 

and is the angle of lead in 
degrees ; take 2 for Grammes) 



Total excitation per coil : 
ATs + CTs + ^^* 



u 
(71= number of coils) 



SHUNT COIL WINDING. 



Mean turn feet. 

Res. (Hot) mean turn ohms. 

Res. (Cold) mean turn < hms. 

Gauge of wire S.W.G. 

Shunt current 

Convolutiuns 



layers of turns each. 

Depth inches. 

Weight per coil lbs. 

Total weight lbs. 

Res. per coil ohms. 

Total resistance ohms. 



U ELECTRIC MOTIVE POWER. 

MAIS COIL WINDIKG. 











Area ol bare wire 


..in-x 


in. - .... 












. . .lbs. 






JteBiatojtce par coil 











HEAT WASTE IN COPPER. 



Watts in amiaturc . . 
„ shunt coils 



-1 



Preseurc loBf over intemal reslataiiGe voUs 

Elactvioal Efficieney % 



PEOBABLE RISE OF TEMPERATURE. 

Field : area of surface of eacli ooil By. it 

Rise of teii:p. = _-_- = E 



Ahhature : 



•A of surface . . 



These Tables show at a glanue the most important details 
of continuoua-current dynamos or motors, and can be eaaily 
adapted tor altemateK;urrent machines. They should be used 
in conjunction with cross-sectional diagrams, similar to that 
shown in Fig. 14, page 49. Special requirements for indi- 
vidual designers can be incorporated without difficulty, and 
small modifications will readily suggest themselves. 
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g 14. SERIES, SHUXT, COMPOUND, AND SEPARATE 
EXCITATION. 

It is of the utmost importance to appreciate fully the differ- 
ences between the various methods of exciting the fielil-mag- 
netB, as all are Dot equally well adapted for all kinds of work, 
Bome beiDg specially suitable for one class, and worse than 
useless for others. It is probable that the conucctious of the 
several windings are well known to most readers ; yet it will 
serve to fix ideas and to give a firm grip oF the various pur- 
poses to which each type of luachiue may be most profitably 
applied if the followiug sets of diagrams are carefully examined. 

In each set the first figure shows simply the diagram of con- 
nections, irrespective of the arrangement and number of the 
field coils and poles. 

The second figure refers to a dynamo wound as indicated iu 
the first figure, and shows the order of the curve connecting the 
terminal, or omnibus bar pressure, with the main current. 

The third figure refers to a motor wound in the same style, 
and indicates roughly the shape of the carve connecting the 
number of revolutiouB per minute with the maiu or armature 



In each case the dynamo speed is assumed to be constant, 
and so also is the pressure at which current is supplied to the 
motor except in. the case of serita winding. These conditions are 
usually essential, and are conformed to, as nearly as possible, 
in all central stations. 

The diagrams are bo explicit as to need little comment, 
but a few suggestions may be useful. The pressure in seriea- 
wound dynamos varies with the current, and these machines 
are chiefly suitable for working on a fairly constant resist- 
ance, such as a definite number of arc lamps or a fixed 
number of incandescent ones ; they are more especially 
adapted for the former work. They present one very a[>- 
parent advantage in the fact that, since the main current 
passes through the field winding, the number of turns of 
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es ELECTRIC MOTIVE FOWEB. 

wire OD the magnets is comparatively small, and the wiWT 
large, and therefore strong. High Insulation realstaace u 
thus easily obtained without mechanical difficult; or the use 
of oostlj material. For power purposes this winding possesses 
special -value. Consider Fig. 15c, which refers to a series motor 
running at constant pressure. It wilt be seen that as the 
current in the motor is increased the speed decreases ; and, since 
the torque ia proportional to a function of the current, it 
follows that the torque varies inversely with the speed. Now, 
look at the series dynamo curve. Fig. 15b. The pressure 
increases with the current, which is exactly the condition of 
supply to make the aeries motor run at a uniform rate of 
speed. Therefore, if a series-wound dynamo be coupled to a 
aeries-wound motor, and be driven at a constant speed, it will 
supply current at a pressure varying directly as the current, 
and the motor will tend to run at a constant speed. This is 
such an important problem in the electric transmission of 
power that it is referred to again,* and the conditions int 
success are examined more closely. fl 

Series motors are suitable for a variety of purposes, and are 
generally used where a large torque is required at starting and 
a fairly constant load obtains afterwards. IVhen run off 
constant- pressure circuits, they are regulated by a variable 
resistance placed in series with them, which may be altered 
by hand as occasion requires. 

The/ea(tire of a aeries motor to be specially remembered is 
that the torque is greatest at starting, when the current ia a 
maximum ; this is so because the main current passing through 
both field and armature coils then magnetises them to the 
greatest possible degree. 

Shunt-wound dynamos give variable current at fairly con- 
stant pressure. They are, therefore, suitable for running loads, 
such as banka of lamps, which require varying power; and also 
for running series-wound motorg with constant loads, or shunt- 
wound motors with varying loads. This is aeen to be the case by 
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comparing the shunt motor meohaQical ourve (Fig. I6c) with 
the shunt dynamo curve (Fig. 16b). The shunt motor when 
supplied at conataot presaure maintains a fairly uniform rate 
of rotation with varying load : tho shunt dynamo approximately 
conforms to the supply conditions. 

The shunt motor is not so well adapted far starting 
against a heavy torqiie as the seriea motor. For the shunt 
field excitation cannot exceed that determined by the supply 
preaaure ; and a sudden ruah of current through the armature 
at starting tends to weaken the field magnetism unleas thff 
brushes have a forward lead, when there will be considerable 
eparking. When starting a shunt motor the field circuit 
should be first closed, and time be allowed for tho magnets 
to heoome fully excited before the armature circuit is 
closed. A starting reaiatance is always used in the arma- 
ture circuit of theae motors. After the armature has com- 
menced to revolve the roaistanoe may be gradually out out 
and the speed raised to its normal value. 

The feature of a shunt motor to be specially recollaoted ie 
that it will run at nearly constant speed, with varying load, 
when supplied with current at constant pressure. This is the 
supply condition of nearly all central power stations, and hence 
■hunt motors have a special field in this connection. 

As will be gathered from Fig. 17a, compound winding ia 
& combination of the shunt and series methods of excita- 
tion. The shunt coils may be coupled across the brushes 
in " short shunt," or across the mains in "long shunt" as in 
Fig. 17a. The theory is as follows : — The shunt coils give 
an escitatiou proportional to the terminal pressure, and tha 
series coila an escitation varying with the armature or 
the main current, according aa the long or ahort shunt is 
adopted. It is evident that, by suitably proportioning the 
two windings, the external characteristic, Fig. 17b, can be 
made to slope at any angle to the current line ; or briefly, 
the pressure may he made to increase with the current, 
and by compensating for the fall in the feeders, maintain 
a constant pressure at the centre of diatrihution. Tho 
chief difficulty with higb-preasure compound dynamos ia the 
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FItOFERTIES 07 COMFOUND-WQJJND MACHINES. 65 

■hunt windings, which conaiat neoeBsarily of many turuB of 
fins wire, and give trouble from a variety of causes, besidea 
being costly. 

The mechanical characteristic of the compound-wound motor 
JB shown in Fig. 17g. It will be seen that there are two method* 
of coupling up the coila, as illustrated iu curves 1 and 2. In 
the top curve the shunt and series escitations are diQerential, 
i.e., the series coils demagnetise the field magnets ; in the lower 
ourve they are cumulative, and both act in the same directioo- 
The differential coupling is theoretically the better arrange- 
ment, and gives a more constant speed than even a shunt 
motor, as is apparent from equation (6)* E„ = C,N. — 10~% 

where E^, is the motor armature counter-electromotive force, 
C, the number of armature conductors, N^ the lines of force,, 
and n the revolutions per minute. Since C, is constant, and 
N( may also be regarded as such when a constant pressure act» 
on the shunt coils, it is ole^r that the speed, n, varies directly 
as the counter electromotive force, E„,. And the armature 
reactions do not affect the problem if we assume the armature- 
ourrsat to have no eSect on the value of N„. Now, 



where r^ is the armature resistance, and i, the current in the 
armature, and e the pressure of supply which is assumed 
to be constant. It is clear that E^ varies inversely with i^ 
and, therefore, the shunt motor tends to slow as the current 
increases (for the speed is proportional to E„). Referring 
again to equation (6), it is seen that to prevent this falling 
off in speed it is necessary to decrease the lines of force,, 
N„ in the same proportion as the fall of counter-eleotro- 
inotive force. This is moat readily accomplished by decreasing 
the ozcitatioti, either by intercalating resistance iu series with' 
the shunt circuit, or by adding compound series coils wound 
in an inverse sense to the shunt turns. It should be noticed 
that the armature reactions always weaken the main magnetic 
field, and therefore tend to make a shunt-motor run at a 
constant speed. It is thus possible to obtain nearly a straight 
line speed regulation with a welldeaigned shunt motor. It is- 
■ .-;.c page 18. 
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also evident that a motor armature should have a very low 
internal resistance, the lower the better. 

The cumulative method of winding is more frequently used 
than the difTerential, for although it obviously does not 
regulate so well as a simple shunt motor, yet it combines to 
flome extent the starting power of the aeries winding with 
the speed regulation of the ahunt. Sometimes a few aeries 
turns are wound on large shunt motors, and are used only at 
starting, being short-circuited as soon as the armature is fairly 
under weigh. 

Broadly speaking, differentially- wound compound motors do 
not seem to be a success, and, except for the few cases where 
absolute regularity of speed is required, they certainly have 
not found favour. One great objection to them is a liability 
to start in the wrong direction owing to the reversed series 
winding. This difhcuJty is met to some extent by short- 
-circuiting the series coils at starting. Cumulative compoand 
motors have also a very limited field of usefulness, well -designed 
shunt machines being more efticient, and giving better speed 
regulation. Yet there are some few applications where this 
winding will meet the conditions better than any other. 

The feature of compound winding to be specially noted is 
that, by applying it to the generator, the pressure at a distant 
point can bo maintained (within limits) automatically constant 
with varying current. 

The idea of separate excitation is so easily grasped that 
there is no need to do more than refer to Fig. 18a, which is 
a diagram of the connections, the top scrolls representing the 
field-magnet coils. It is obvious that the number of turns on 
the field-magnets and the gauge of wire can be varied to suit the 
exciting current so loug as the necessary ampere-turns are pro- 
Tided. In Fig. 18b the external characteristic of a separately- 
excited dynamo is shown at curve 3. It will be noticed that the 
pressure falls as the output is increased, owing to the volts lost 
over the internal resistance of the armature. To obviate this 
the excitation must be proportionately augmented, so as to give 
curve 2, And if it be desired to compensate for the fall of 
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pressure in feeders, then the exciting current must be still 
further increased until the slope of curve 1 suits the required 
conditions. The regulation can be accomplished automatically 
by some mechanical device controlled electrically ; but it is 
usual in central stations, where this type of machine ia most 
frequently used, to alter the excitation by hand. 

The separately excited motor is not yet much in use, but it 
will steadily grow in favour as transmission of power by elec- 
tricity becomes more general. The mechanical characteristic 
of this type of motor, supplied at constant pressure, is shown in 
Fig. 18c. The fall of speed with increase of load can be com- 
pensated by decreaung the excitation either by hand regulation 
or reversed series coils. 

These motors are specially adapted for large powers, because, 
since the main current only passes through the armature, a. 
high pressure can be safely used ; and moreover, the speed 
regulation ia much superior to that obtainable with the 
series-winding. The objection is the independent source of 
power for the exciting current, which will probably have to 
be supplied in most cases from accumulators. Yet it must be 
recollected that a small shunt-dynamo, driven by tbe large 
motor, will not only charge tbe cells, but also excite the motor 
field-magnets after tbe proper speed is once attained ; and, 
further, this dynamo is available for lighting during the period 
the motor is at work. 

The advantages of separate excitation are ; firstly, the dynamo 
fields can be excited at a low-pressure, and hence are free from 
insulation troubles ; secondly, lightning discharges are leas 
likely to affect the magnet coils, since they are not connected 
with the line circuit {unless reversed series coils be used) ; and, 
thirdly, the pressure at any distant point can be easily varied 
at will. With motors a high-pressure service is permissible,, 
and the speed can be regulated either by the dyn; 
exciting current. 
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THE LINK AND THE DISTRIBUTING MAINS. 

B 15. Definition ot the " Line."— § 16. Tho Tlieoretioal Codsiderationa 
affecting the Loaa in the Conduetgr.— 9 17. The Conduabor in Practioe: 
Aurial Linna.— S 18, Insulated Cables.— § 19, Insulators and Details 
□f Aerial Lines. — g £0, Underground Linea ; Cundulta ; Built-in and 
Drawing-in Syatama.- § 21. Lightning Digchargea ; Lightning Con- 
ductora ; and Lightning Arreatera. 

§16, DEFINITION OF THE "LINE." 

Br tho " line" is here understood not only the conductor, but 
alao the posts or culverts, insulators and protective devices. 
Treated in this way, the subject may be regarded from two 
distinct points of view ; one relating only to the method of 
erecting and protecting the conductor, and the other having 
reference to the kind of material, to the area of cross section 
of the wire, and to the conditions which limit the distance 
through which a definite quantity of power can be profitably 
tranamitted. 

Practice usually precedes theory, and the first attempts at 
electrical tranamiasion of power were made without any definite 
conception of the governing laws. An ordinary galvanised iron 
telegraph wire was the handiest conductor when Marcel Doprez 
made his memorable experiments between Munich and Mieshauh 
in 1882. And even to-day conaideratious of convenience or 
necessity often invite, or compel, the use of material which is 
not exactly what would be chosen if the engineer had a free 
choice, and cost were no object. 

It will be more in keeping with the fitness of things, how- 
ever, if the theoretical conditions are first discussed. 
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% 16. THE THEORETICAL CONSIDERATIONS AFFECT- 
ING THE LOSS IN THE CONDUCTOR. 

The two conditions absolutely essential in the line circuit 
are continuity and insulation, i.e., the line must consist of a 
conducting substance or several conducting materials carefully 
joined together, and must be so arranged that at least one of 
the circuits between the dynamo and motor is insulated. The 
earth, under certain conditions, may be used as part of the 
circuit if suEGcieutly good " earth- plates " are provided at each 
end of the metallic conductor. This is the case with sub- 
marine cables and land telegraphs, and is oftentimes so with 
telephone circuits. An "earth return," as it ia generally called, 
presents serious objections with relatively large currents at high 
presBurea ; and hence, with but fen exceptions, existing power 
plants are designed with insulated return circuits. A compromise 
between the two methods is found in a continuous metallic 
uidaiulated "return," as used with electric street railways, in 
which the metals are coupled by copper connections, and so 
form a continuous conductor. In this case, the action of the 
current is not couBned to the iron rails, but considerably affects 
the adjacent earth ; ao that telegraph and telephone lines, using 
the "earth " in the immediate neighbourhood, may suffer con- 
siderable disturbance. A purely practical objection to the use 
of the earth as part of the circuit, or to an uninsulated wire 
for any portion of the line, is that the leakage may be largely 
increased and the difficulties of handling the line and plant 
intensified. Street railway practice has hitherto been limited 
to a maximum pressure of 500 volts, and it is probable that 
300 volts will be more generally used in the future. At any 
rate, in Great Britain the Board of Trade regulations restrict 
the pressure to this limit. 

In mining work the author has selected 500 volts as the 
most convenient pressure for general purposes, as it permits 
the transmission of considerable power without an excessive 
outlay in copper, and yet is not dangerous in the event of 
accidental "shocks." The use of an uninsulated separate 
return is particularly unsafe in mining, owing to the serious 
risk of fire which is inevitable with such a circuit.* Even 







witli preaanres aa low aa 100 volte, bott mains should be care- 
fully insulated . 

It may be granted, then, that the practice of the future, 
eicepting in tramwaya and railways, will demand an insulated 
lead and return, and that the whole of the circuit, including 
dynamoB, motors and switches, will be insulated iu the most 
careful and thorough manner. 

The simplest case of transmitting power, and one that often 
occurs, is where there are only two machines, a dynamo and 
a motor. The circuit in this case is ohvioualy a lead and 
return of the aame diameter throughout, since the current is 
the same at all pointa (neglecting the small loss from leakage). 
The line may be an insulated cable buried in a culvert ; or a 
bare copper wire carried hy insulators on polea — a ao-called 
aerial line — or it may combine the two methods, being partly 
buried, or cased-in, and partly in the open air. Yet since the 
diameter is the same throughout the circuit, the reaistance of 
the copper per unit length will be constant. Now, for this 
simple case what ia the btU area of conductor to carry a given 
current or to tranamit a given quantity of power if the pres- 
sure be not fised 1 It is oftentimea not easy to give a definite 
answer to this apparently simple query, as ao much depends 
upon the result desired. Is the prime power at disposal practic- 
ally unlimited 1 If so, the line loaa may be large. What is the 
cost of power at the generator ? It it be cheap, then the line 
loss may be high ; but if it be dear {although, perhaps, plenti- 
ful), the waste in the hue must be restricted. But this limita- 
tion of loas will mean a corresponding increase in the weight of 
the copper, and copper is costly. So the answer is practically 
a compromise, and each case must be settled on its own merits. 
Lord Kelvin aa early aa 1881 pointed out that a general solution 
ia obtained by equating the annual coat of the horse-power lost 
in the cable to tbe interest on the capital invested in the line 
and supports, including the coat of erection, plus the annual 
coat of maintenance. But this condition does not always meet 
all the practical requirements. Indeed, the size of the con- 
ductor is often fised between narrow limits by the simple 
conditions of permissible fall of pressure and mechanical con- 
fiiderations. Theoretically, the higher the supply pressure the 



smaller the conductor ; but prudence, to aay nothing of Board of 
Trade regulations, limits the pressure, and copper circaits are 
not often used smaller than, say. No. 10 or No, 12 S.W.G., or 
equivalent cross section in stranded wires, from considerations 
of strength and durability. And an excessive outlay in copper 
is prevented not only by the price of the cable, but by the 
increased expense in the erection of the line. The latter objec- 
tion has less vreigbt when the conductor is laid in the ground, 
for it is practically as cheap to lay a large cable as a small 
one ; and largo mains are iuvariably run underground. 

Prof, G. Forbes, iu his Cantor Lectures, 1885,* showed that 
Lord Kelvin's law is most accurately expressed in the following 
form; — The most economical area of conductor is that for 
which the annual value of the energy lost in the copper is 
equal to the annua! charges on the total coat of the line (includ- 
ing erection, li^c.), minus that part of the capital outlay which 
is independent of the area of the conductor. Or, in other words, 
the annual value of the i^^U loss must be made equal to the 
annual interest on that portion of the total capital which may 
be considered proportionate to the seotional area or weight of 
the copper. 

Symbolically, this may be written 



le E.H.P. at the dynai 



e current in the conductor, 
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where p = the annual cost of c 

terminals, 

H 1=1 the resistance of the li 

i„ = the equivalent or aver 

Cj = the total cost of line, 

Cj= part of capital proportionate to area of conductor, 
Cj = part not proportionate to area, 
A = the rate per cent, of annual interest to cover total 
charges in the several capital sums, C,, C„, Cj. 

The equivalent current, ?„, must be calculated from the 
estimated load curve, and it is by no means easy to predict 

■" The atudont ghuuld carafullj ppmao these Lectures, eapeoially the 
tables formulated to racililsile the cnlculutiana. They nppeared ia The 
ISlerlri'^mit, Viils. XV. and XVI., and are pubtisheil iu paiuphlct form 
by the Mut-'ieiy uf Aria. 
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its vftliio. The annual heat waste in the maina may be written 
i^ KT, where T ia the number of hours in a year (8,760 hours, 
say), and I'n, the equivalent current. And suppose it is esti- 
mated that in one year a current of value tj will be required 
tor, say, (, hours, a current of i^ for (^ hours, ice; then the 
total waste is equal to the aummatioB of the quantity of 
energy spent severally in the periods (^ t^, (j, &c. Whence 



tm K T ^ 



= 11 Wi 

■v/2 



+iiu+tit^+ . 



■ •:'.) 



■ (20) 



It is thus evident that tbere is likely to be a difficulty in find- 
ing the value of the equivalent current, and yet on the accurate 
dctercnination of this quantity depend the estimate of annual 
heat waste and the selection of the economic ratio between 
current and area of conductor. 

The equation for determining the section of the copper for 
the predetermined current is usually given in some such form 
as the following : 

C„yt ■ 



'x/^ 



.(21) 



where a = the area ot conductor in square inches, i^, k, p, T, 
and Cj have the values already given to them here, and w is a 
constant depending on the energy wasted in the conductors. 

If the current be constant (or nearly so, as in a pumping 
plant), the economic area is most readily determined from a 
modification of (21), which takes into direct consideration the 
load factor. This equation, {21a), is due to Mr. E. Tremlett 
Carter. It may be written 



= 1-168 






.{111 



The new symbols are :— 

W = the watts spent in one yard of copper, one square inch 
in cross section, at a density of one ampere per square 
inch. This is a constant for commercial samples of 
copper, and equals 2'56 x 10"*, 
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F = t!ie load factor expreBsed as a rate per cent, 
c = the cost of additional copper per aimaro inch per yard 
length in £, sterling. 

The values of c used by the author are given in Table El, 

Table El. — Talwi of "a" for different costs of laying one yard 
of additional copper one sqwire inch in section. 



Copper, including adiiitioiial cost 






ot UjiDg, at 


£ sterling. 


d. 


£ 




6 per 


lb.= 65-0 par ton. 


0-2900 


7 


^ 65-5 


0-3383 


8 


= '?4'5 


0'3866 


g 


, = M'O 


0-a349 


10 


, = 93-3 


0-4837 


11 


= 102-7 


0-5316 


12 


. =1120 „ 


0'58C0 


13 


, -121'3 „ 


0'6287 


14 


, = I30'6 „ 


0-6766 


15 


, =139'9 „ 


0-7249 


16 


, =119-2 „ 


0-7732 


17 


, =158-5 


0-8215 


IB 


, =168-0 


0-8700 


19 


, =177-3 ., 


0-9187 


20 


, =196-6 „ 


0-9666 



It should be noticed that (21a) is applioabia to constant 
pressure circuits with variable currents if F be taken as 100 
and i^ be determined from ('20). 

When the pressure and current vary approiimately in the 
same ratio, (21a) ia applicable, if the equivalent current be 
determined from (20) ; and is apecially useful when only two 
machines, both series wound, are used. 



Tbere are three separate difficulties to be overcome before 
the above conditions can be fulfilled, even assuming that prac- 
tical and financial requirements necessitate no modiScations. 
In the first place, what is the annual cost of an electrical horse- 
powerJ This is by no means easy to predetermine, judging 
from the wide limits of figures recently published in the reports 
of Central Lighting Stations. Secondly, it is net easy to esti- 
mate with certainty how much of the total capital outlay is 
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independent of tlie area of the conductor. And, thirdly, the 
determioatioii of the equivalent current presents such difficultiea 
as to make thia qtiautity indeterminate in manycaseB. Further- 
more, the question of fall of pressure in the conductor is not 
taken into consideration in the equation. 

The cogency of the above reasoning will be more easily 
appreciated after studying some of the theoretical considerations 
which aiTect the problem. Transmisaion of power may usually 
be classed under one of the following heads :— 

(a) Definite lo» in line and fixed qitantity of power at motor 
terminals. — This usually implies that the power at the gene- 
rating station is either costly or limited, or sometimes that 
only a definite horse-power can be profitably spent at the 
motor. 

(6) Unrestricted loss in the line and fixed quantity of power 
at motor terminals. ^Here the prime energy is cheap and un- 
limited, and only a portion is required for use. 

(c) Fixed quantity of power at the generating station and as 
BiucA at the motor as possible.— In this case the line loss must 
be made a minimum, and the weight of copper as great as the 
capital at disposal will permit. 

The limiting conditions of pressure, current, weight, cross 
section and length of conductor, are determined by relatively 
simple laws. 

In (a) the loss in the line, i^R, and the energy at the motor 
terminals, ia, e^, are fixed. Therefore the sum of these two 
quantities — that is, the output of the dynamo — is also fixed. 
Let this be i„ «- 

Now, the resistance of the line, E, will vary directly as the 
length and inversely as the area of cross section of the cable ; 
and therefore 

U^&l/w, Qrhljd}, 

where d is the diameter, w the weight of the copper wire, and 
i a constaut. And by the assumed conditions of transmission, 
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'm ^ = 'n. gj + ",., = a coQBtant. It ia evident that the value 

of thia (]uantity may be kept the Banie with considerable 
variations of i,e,l, and d — that is, with alterations of curi'ent 
and pressure, and with different lengths and gauges of wire. 

In (I) the line loss is assumed to be unlimited, and therefore 
the dynamo output may be made as large as convenient. The 
size of conductor may be determined simply by the maiimum 
pressure deemed advisable and the condition of a definite 
quantity of power at the motor terminals. 

In (c) the power of the generator ia fixed, and that of the 
motor is to be as large as possible ; therefore, the line loss must 
be as small as consistent with an economic outlay in copper for 
the conductor. Practically the pressure selected should be as 
high as the peculiar circumstances permit, and then as much 
money should be spent in copper as can be spared for this 
part of the plant. 

If the generating station be situated in the middle of the 
line and power be distributed equally along each branch of the 
circuit, the weight of copper will be one-fourth what it would 
be if the station were at one end. With several supply stations, 
the weight of copper will vary inversely as the square of the 
number of stations, assuming they are properly placed, i.e., at 
equal intervals with reference to the load distribution. And 
the pressure required will vary inversely as the number of 
stations. 

These tew general statemente of the laws governing power 
transmission and distribution by electricity show distinctly 
two facts ; firstly, that a high jiressure ia necessary for econo- 
mical transmission ; and secondly, that for distribution a 
number of stations is advisable to minimise weight of 
copper and line loss. But it must also be recollected that 
every additional power station involves increased outlay for 
land and buildings and an additional staff for the control and 
working ; therefore it will not be expedient to lay down a new 
station from considerations which simply refer to copper and 
Hue loss. But it is evident that the first station should be 
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placed as near the cantra of the district as convenient, and that 
the subsequent erection of inter- dependent or independent 
stations will have to be determined by the load factor* and 
the centre of gravity of the load with reference to the station 
and mains. 

It has already been stated that the most simple case of 
tranamisBion of power is where the circuit airoply joins up a 
pair of machines. But no practical difliculty, as far as the 
line is concerned, is involved if a number of motors, in close 
proximity, be supplied from one distant power atatiou ; for the 
whole of the current will be carried by the main conductors. 
Yet, it is evident that there must be one particular gauge of 
wire which will give the most economic resulta for the average 
current ; and this will he the case when Lord Kelvin's rule in 
a modified form ia adhered to. 

Various attempts have been made to give a genera! eipression 
for the current in terms of area of wire, coat of hurse-power at 
generator, ifec, and it is noteworthy that the term for the length 
of the line cancels out of the final equation. This implies that 
the length of the circuit does not aiFect the problem — a state- 
ment only true when the economic law ia adhered to. The 
length of the line does not affect the economic area of a 
conductor for the given current, but it obviously affects the 
power lost in the line. The length of the line is always 
understood in the terms expressing the resistance of the 
circuit and the area of the conductor — for, mathematically, 
the line may be defined, both as regards ita length and weight, 
by the resistance of the circuit and the gauge of the wire, 
Thia is done in the usual equations, and hence the difficulty. 
Profa. Ayrton and Perry, in March, 188G, read an important 
Paper on "Economy in Electrical Conductors,"t showing that 
Lord Kelvin's law holds good only when the current is fiied, 
Eind is not taken as an independent variable in the equation 
for determining the area of conductor. 

• The load factor ia the ratio of the ftTBrage output to the maiimum 
output of the plant, and is usually expresEed oe a perceiiUge. For central 
lighting Btationa the load fiictor h found to vary from about 10 per cent, 
to 15 per cent. With power plants it will generally be much higher, and 
in collieriee, ic, may reotli as liigh as from 80 to 90 per cent. 

+ Jour. Ptoc. luatituliou Electiical E.iginccM, Vol. XV., p. 120. 
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Mr. Kapp, in his Cantor LectureB,* gives the subject cli 
attention from the trans miBs ion of power point of view, and 
takes as a basis the elementary case of ODd generator and one 
motor. (The case of several generators at one power station 
feeding into a single pair of mains and delivering energy to 
a group of motors lying near to each other at the end of the 
line is practically the same.) He shows that a complete 
Bolution requires the following conditions to be taken into, 
acoount : — 



Annual value of brake horse-power at generating 

Pressure of supply at generator terminals, 

Brake horse-power required at motor. 

Length of line. 

Capital outlay per ton of copper erected. 

Coat per electrical horse-power at dynamo terminals. 

Interest and depreciation of the whole plant. 



kdan^^H 



It is important to note that Mr. Kapp takes into considera- 
tion the pressure of supply ; in fact, he fixes the pressure and 
finds the best current for the given conditions. And he shows 
that in no case will it be economical to lose more than half the 
total power in the line, and that for every transmission problem 
there is one pressure for which the annual cost of a brake 
horse-power at the motor is a minimum. 

This conclusion was foreshadowed in one of the questior 
a few pages back, " What is the beat area of conductor t 
a given current if the preasnre be not fixed 1" But, as already^ 
suggested, the limitations of the Board of Trade or other con, I 
siderations practically fix the pressure of supply in most oaaea, 
and the problem consequently narrows itself to the relative 
weight of copper for the predetermined current, and the real 
variable quantity is the amount of energy to be wasted in 
the line. Under these assumptions, by a few trial-and- error 
calculations, a gauge of conductor may be selected to permit 
such an average heat waste that the approximate annual cost 
of the energy lost shall be as nearly as possible equal to tfae 
interest on the capital outlay in the copper (including erection) 
and maintenance of the line. 
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ilxceptioii may be taken to this treatment of the subject ; 
yet it accords with practice. Local oircumstanoes Iiave 
Buch weight that no hard-and-fast rule can possibly meet 
the requirements of every case. And the indeterminate 
sharacter ot some of the quantities of the problem, auoh 

the equivalent current and the cost of an electrical horae- 
power, on the constancy of which the truth ot the equations 
cle|)eiids, renders a general mathematical solution inferior to a 
determination based on a practical knowledge of the require- 
ments of the particular case, and a simple application of 
Kelvin's law to select the gauge of wire and heat waste for 

jiveo current. This method does not necessarily give a 
minimum cost per brake horse-power of the motor ; but if the 
Bteam (or turbine) plant and the electrical machines be of good 
make and properly proportioned for the average load, the best 
results will be very nearly realised. 

In concluding this section on the theoretical conditions 
aifecting the line loss, it is noteworthy that the simple condition 
of fall of pressure may be of paramount importance, and hence 
may alone determine the gauge of wire and consequent copper 
loss. This is specially likely to be the case in the distri- 
buting network when the current and pressure are fixed. 
Yet the author wishes to emphasise the importance of the 
economic law, and to state that whenever circumstances admit 
of its application its requirements should he carefully satis- 
fied. A competent engineer will attend to this in a thorough 



§17. THE CONDUCTOR IN PRACTICE— AERIAL LINES. 

Proceeding to practical requirements, the first consideration 
is the metal for the conductor. In selecting this, the main 
consideration is all-round cost — i.e., which metal will be the 
cheapest, taking into account the predetermined heat waste 
and conditions of erection and insulation. To guide the choice 
it is necessary, first of all, to know the specific resistance of 
the metals usually sold in the form of solid or stranded wire. 
Copper, or its alloys, and iron and steel are prautioally the only 
materials at present available for the purpose. . 



The resistance to the passage of an electric current in a 
wire of unit length and of unit area of croaa section is defined 
as the specific resistance of the substance. The quantity thus 
designated [(ivoB a ready means of comparing the relative 
electrical suitability of the different metals. 

Table T. 



^^^V HetnL 

I Copper, antieitlsd .. 

Copper, hard-drairu 
BrotiSB (Un snd copjier) 

'SflieiucD bronze 

Phosphor brotiKB 

Aluminium bronze 

Iron, ordiDaiy, aof C . , , 
Iron, golvaniscil, killed. 
Steel, on^inary, eoft ... 
Steel pianoforte wire... 
Hanganeae steel 



The above fifiurei 





Specific 


Breaking 
strain ill lbs. 
per aq. inch. 


microhms. 


gravity. 


1-615 


8'8 




1«42 


8-9 


56,000 


4'4a 




84,000 




8-4 to 8-7 




3-0 to 60 






9-827 
>0 to 11-0 


I 7-6 to 7'a 


47,000 to 
1 86,000 


■5 to I5'0 


7'8 tn 7-9 


135.000 


.-0 to 15-5 


7-75 


335,000 


750 


■'■» 


no,ooo 



In Table F. are arranged the copper alloys and various other 
metals in the order of their specific resistances ; the specific 
gravity, breaking strain in lbs. per sijuare inch, and the ap- 
proiimate price per lb. of the aeveral metals are also given for 
rough comparison. It will be seen that iron has nearly seven 
times the specific resistance of copper, and so for a given resist- 
ance of line, the area of an iron wire will have to be, say, seven 
times that of a copper one. The specific weights are in the 
ratio ot 8'9 ; 7'8, and the weight of the iron line, relative to 
that of the copper line, will be expressed by 



7 W 



7-8 



r 6-18 W, 



where W is the weight of the copper in lbs. 
will be respectively 8'6 W for the copper, and 



And the costB 
G-18 W X 1 for 



k 



• Class A, 97% oi 

aasB B, 80% 

Cl«ti C, 45% 



ivity of pure copper, tensile strength ... 65,0001b. 

... 90,000!b. 

„ „ „ ... 110,0001U 



IRON VERSUS COPPER. 
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the iron. A bare copper line will, therefore, coat about 37 per 
cent, more than an electrically -equivalent iron wire. From 
the simple consideration of first cost of conductor, then, it 
appeara that iron ia superior to copper. In relatioa to the 
total line coat, however, the reverae of thia is the case. For 
the weight and breaking strain have to be taken into conaidera- 
tion. The breaking strain of hard-drawn copper of 98 per 
cent, conductivity ia about 56,0001b. per square inch ; nhereaa 
that of well-killed galvanised iron is about 85,0001b., so the 
spans may be made longer with iron wire in the proportion of 
85 to 56 ; or, say, 50 per cent. Yet, since the iron wire is 6'18 
timea as heavy aa the copper, the aupporting devices must be 
correspondingly stronger. The figure of merit of a metal perse 
may be expressed as the product of the reciprocals of the specific 
resistance, the specific weight and price multiplied by the break- 
ing strain- — the best metal giving the largest figure of merit, 
Thiia, for copper 



1 



1 



1 



Sp. R Sp. W Price 



; breaking atrain . 



(33) 



10-5 7'8 1 



5,000 =1,040. 



From these general conai derations, galvanised iron appears 
to be, roughly, about twice aa well adapted for overhead lines 
aa bard-drawn copper. But this proportion ia not maintained 
when all the conditions of the problem are taken into considera- 
tion. In the first place, the greater bulk of the iron is objec- 
tionable on account of the expensive posts and attachments 
neceaaary to carry the weight ; and secondly, iron, although 
galvanised,* rusts, and baa a shorter life than copper ; and so the 
cost of maintenance is far greater than with copper or its alloys. 
Again, old iron wire has practically no marketable value, wliereaa 
copper is always saleable. As regards total prime coat of line 
it ia not easy to say which metal is the cheaper for all cases ; 
but generally for light work, auch as telegraph and telephone 



lines, there is very little to cbooae between the two, TCth 
heavy power lines, however, copper will always work out the 
cheaper (unless the relative costs be very difFerent from those 
aasutiied here), for the weight of the iron becomes practically 
prohibitive. And even with large copper cables of, aay, 19 
strands each of No. 16 S.W.G. {and larger) the supports have to 
be so frequent as to form a very important item in the cost of 
the whole line. lo such cases it is usual to suspend the copper 
conductor from a small steel wire carried on inaulatora (eee 
Fig. 19) ; by this means the spana can be materially lengthened, 
and the total cost largely decreased. 

If, however, the conductor is insulated, copper is by far the 
cheaper metal, since the necessary bulii of insulation material is 




Fio. 19.— Catle Haiiger and Bearer Wire. 

much loss. The areas of the two metals are for equal resistance 
as 1 : 7, say, and the dianietera will be as ^J; J^, or 1 ; 2*63 ; 
and for an equal thickness, (, of insulation, the volumes of insu- 
lation material will be as (1 + 2 f)^ - 1^ : (2'63 + 2 ()- - 363=. 
But since to maintain the insulation resistance constant 
per unit length of conductor it is necessary that the deptii 
of the dielectric vary as the diameter of the conductor, the 
diameter of the iron cable over the insulation will have to be 



2'63 + 2 t ' 



1 



3 + ,'}-26 (. To illustrate the meaning of 

these ratios let the copper conductor be No. 10 S.W.G., and let 
( = 0'lin. Then the diameter of copper conductor = 0-12Sin., 
and the diameter over the insulation = 0'328in. The diameter 
of iron conductor = 0'33Giii., and the diameter over the 
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insulation = 0'S02iii. Now the insulating materials generally 
used, such as pure rubber, Tulcanised rubber, iai., are costly, 
and, therefore, the iron conductor is commercially impossible. 

Theae compariBona have been made between iron and copper, 
because they are the metals most likely to be used for power 
circuita. The copper alloys, however, present many advantages 
and combine the high conductivity of copper with the tensile 
strength of the best iron, liron/.e wires are in general uae for 
telephones and telegraphs, and mill inevitably come into favour 
for transmitting power. Silicium bronze has a conductivity 
about the same aa that of hard-drawn copper and a breaking 
strain of at lea^t 90,000Ib. to the square inch. Bearing in 
mind the relative weights for a given resistance, it is evident 
that the spans can be made longer with the bronze than with 
galvanised iron ; in practice, it is found that they may be made 
about 50 per cent, longer, and less bulky and costly insulators 
are necessary. One reason why the copper alloys have not 
been used much as yet is a real or fancied difGcuUy in pro- 
curing a wire of a specified resistance and tensile strength, it 
being found that one of these qualities is frequently gained at 
the eipenae of the other. This difficulty is merely a detail of 
manufacture, and will, no doubt, soon he overcome. The cost, 
from about 85 to 12 pence per Ih., is high, but will be reduced 
as the demand ii 



The figure of merit of silicium bronze (Class A), as previously 
estimated for hard-drawn copper and iron, is 



1'7 



x4,x \x 65,000 = 517. 



It is better than copper by about 12 per cent.* It should 
be noticed that the atmosphere has practically no effect upon 
copper or its alloys, and that the alloys are not so liable to 
crystallise as hard-drawn copper. These qualities largely reduce 
the cost of line maintenance, and in conjunction with the 
other points already discussed render silicium bronze perhaps 
the best all round metal for power lines. 
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§18. INSULATED CABLES. 

The materials used for insulating electric wires are not Tory 
numerous, being chiefly pure or vulcaniBed rubber, rubber 
conipoundE, resins, and hydrocarbons, such as the para.ffinB, bitu- 
mens, &a. ; viiloauiaed heavy hydrocarbon oils have also been 
tried with some success. The covering on the cahlea has 
TiBually two functions of entirely different characters. That 
part nearest the wire is strictly the electric insulator or 
dielectric; while the outside portion simply serves as a 
mechanical protection to the real insulator, and is not iiecea- 
sarily a non-conductor of electricity. 

It follows then that the insulating properties depend not on 
the total thickness of the covering, but only on the nature 
and depth of the dielectric. The insulation resistance varies 
with the character and quality of the material used, with 
the temperature, and even with the pressure at which the test 
is made. It is usual to define the insulation resistance of 
cables and wires in megohms per mile of cable at GO'F., but 
the pressure at which the test is made is not often given. 
This, however, is important, and a pressure bearing a suitable 
proportion to that at which the cable will be worked should 
always be used in the test. Thus, for a cable to be used 
in a colliery at 500 volts the testing pressure should be not 
less than 1,000 volts, which gives a factor of safety of four, 
assuming the insulation resistance to be inversely proportional 
to the squares of the two pressures. It is also uaual to iiiimerae 
the cables in water at 60°F. for 48 hours before making the 
test. These precautions arc sufficient for the short lengths of 
conductors used for most power plants, but if the cable be 
many miles long it is necessary to make capacity teats, espe- 
cially if it be armoured by a coutiuuous metal sheathing of 
lead or steel ribbon. This is most important with alternating 
currents, since then the condenser effects may cause very 
unexpected results. But this will not be a aerioua question 
in general power work, and may be neglected if continuous 
currents be used. 

It ia difficult to place the various dielectrics in order oi 
absolute merit, but their specific resistances have been deter- 
mined with close accuracy, and form a rough guide. 





The specific resistance of some of the dielectrics in common 
ise are given in the following table, being compared with that 



Table G. — Specific J! jsintances rif various Dielntrici compared 
with that 'of Mica. 



lasuUtor. 


Sp«c!fic resistance 


Teuiiffirature at 
w)licll tlle aelenui- 
(Uti..u waa made. 


Mica 


I'O 

1-8 

5-33 

5-33 

IS'O 

770 

860 

107-0 

130-0 

141-0 

J73-0 

200-0 

333-0 

405-0 




Calleoder's cable, bitumen 

Qutta-peroUa 

Oisolterite<Hiiclia -rubber 

Fowler- WariuR L-ftbla 

Shellac 

India-rubber (untreated) 


7oT. 
59'K 
f9'F. 
59 'K. 
Ki'i\ 
75= F. 


Hooper's Bubmarine cable 

India-rubber, Siemens' Bpeoial.. 
Ebonite : r. 


75-K. 

S9'F. 
I15"F. 
115°F. 





It will be Been that prepared para rubber haa the highest 
reaistance (with the exception ot ebonite and paraffin), and 
from ita dense, hard teiture it is peculiarly adapted for in- 
sulating cables. But it is verij espensive, and becomes hard 
and cracks when exposed to the atmosphere, if great care has 
not been taken in the manufacture. Vulcanised rubber, i.e., 
rubber mixed with a certain proportion of sulphur and subjected 
to a dry heat ot about 360'F. for a certain time, has a lower 
insulation resistance, but is practically acid-proof, and is not so 
liable to become hard and brittle as pure rubber. It is specially 
adapted for use in water, and hence is largely used for under- 
ground mains. lo applying it to conductors there are usually 
three servings : the first of pure rubber, the second a separator 
containing chloride of zinc (to absorb the sulphur and prevent 
the centre rubber from vulcanising), and the third a mixture 
of rubber and sulphur; the whole being vulcanised together. 
In some cases the rubber is vulcanised right through, but there 
is then a probability of uncombined sulphur damaging the 
copper. The sulphur blackens the copper, and appears to 
permeate its substance and to make it brittle. To obviate 
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these difficulties the copper should always be tinned before 
being coated with rubber : this s,Ibo assists the soldering of 
joints. 

Paraffin, aUbough having a very high resistance, is not 
stable and soon shrinks, becoming pierced with small holes. 
This appears to be the result of the different melting points oE 
the various waxes composing the whole, Paratfia is largely 
used for electrical instruments, and the melting point is care- 
fully specified when it is purchased ; a good sample has a 
melting point of not less than from ISO't". to 200°F., or even 
higher. 

Several forma of reains have been used for insulators, but 
they all require to be carefully protected from excessive heat 
or cold, or they will melt or crack. The Berth oud-Borel lead- 
covered cable is the beat example of this class. It is not muoh 
used, however, now, as various heavy hydrocarbons have au 
equally high insulation resistance, and are not so liable to crack. 

One of the best examples of yarn fibre saturated with heavj 
hydrocarbon compounds is found in the Fo*Ier-\Varing lead- 
covered cables. The copper is first covered with a braiding of 
hemp, or jute, and then thoroughly soaked with the wax at a 
high temperature, ao an to remove all traces of moisture. 
Lead* is then squirted, under hydraulic presaure, in a fluid 
state around the core, and ao forms a continuous metallic 
coating. Since lead is a soft metal and ia easily damaged by 
friction, kinking, or blows, it is usual to cover it with hemp 
braiding, or servings of tape or yarn. With tape there should 
always be two servings, one righthanded and one left-handed, 
and the whole should then be coated with a preservative 
compound, such as ozokerite, Stockholm tar, or pitch. 

Preparations from bitumen are largely used for insulatinfi; 
cables, but have much lower apeciSc resistances than the pre- 
viously -mentioned dielectrics. If used in a solid form without 
any fibrous material they are practically impervious to water; 
but being viscous, the conductor may become decentralised 

D leas Chan 3 per Cent, of 
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BITUMEN INSULATED CABLES 

in course oC time. To obviate this, Calleader'8 Bitumen, Tele- 
graph and Waterproof Company (Limited), who are the makers 
of tbis class of cable, vulcanise the bitumen by adding just 
Dugh sulphur to combine with the hydrocarbon. This 
form of insulation, known as Bitite, is firm, and yet ilesifale, 
and appears to be unaftected by water* ; but its insulation re- 
sistance is very low compared with that of vulcanised rubber, 
ipd, hitherto, it has been chiefly used for the distributing and 
service mains on low-pressure systems. When used for high- 
pressure mains, the makers recommend laying the cables in 
solid bitumen in iron or wood troughiBg (.^e % 20, pp. 9i — 102). 




Amunired Labie. 



ConcenlTie Amjuared Cable. 
ipe; J, jute: L.S., U*l 

: C, uonductOT, 



The bitumiaised libre cables aie tuoally laid in special 
bitumen culverts, which form a watertight envelope. Both 
classes of these cables are frequently covered with lead and 
served with jute'; and when culverts are not used it is cus- 
tomary to armour Uie outer serving of jute by one or two 
spiral windings of galvanised iron wire. 

Steel tape, Inmded steel, or spirally- wound galvauieed Iroo- 
wire is now frequently used to armour all the clause* of c^ble 
refemed to (te^ F%. 20) ; but it is most generally applied to 
lead-covered cables, to protect them from mechanical injury, 
and it is especiallj uaeful vhoi tbey bare to be buried to «artb 
die efaemical reutioas of wluefa we nnlcnown. 
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Armouring is also largely used for conceatrio feeders (tee 
Fig. 21). The use of a ooooeatrio dietributiug uetwork is opea 
to cricicism, but the difficulty of making Bound joints is practi- 
cally overcome by the use of iron service boies. After the 
wires bave beea properly soldered the bos is filled with insu' 
latiiig material, which can be vulcanised if desired. Fig. 22 
shows ft service box adapted for use with single mains ; and 
Figs. 23 and 2i two views of one suitable for concentric cables. 
These illustrations refer to the Callender Company's system of 
armoured mains. In all cases, however, the iron or steel 
armour must be well covered with jute yam, thoroughly soaked 




Fw. 2Z.— Junction Bos for Siugle Cables. Plan. 

S.T., Steel Tape, covei'ed with jute ; L.C., Lead Coating ; B.I , Bitumen 

Insulation; C.C., Copper Conductor, 

in a preservative compound, aiid the cable should be laid in 
pitched wood troiigbiug, or in fresh-water sand, or in puddled 
clay, and thoroughly protected from the atmosphere. Neglect 
of tbese precautions is sure to end in breakdowns in course of 
time. 



The chief source of trouble with lead-covered cables seems to be 
corroding agents, and if they be found iu even veiy small quan- 
tities the lead will be attacked at one or more places, and holes 
will soon be eaten through to the dielectric; the erosion then 
rapidly increases from the inside as well as the outside, being 
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assisted by leakage of electricity, which is sure to take place 
at about the same time. Again, lead-covered cables should 




ofiTsr be laid in contact with iroa pipes, as the slight leakage 
of electricity, which nearly always exists in damp weather, will 




Flu. 24. — Junction Bus for Concentric Cablea, Sectional Elevation. 
rapidly cause the iron to corrode, iron being electro- negative to 



1 19. INSULATORS AND DETAILS OF AEEIAL LINES. 
The various considerations affecting the choice of metal for 
the conductor having now been discussed, it remains to 
investigate the methods of erecting the line. There are two 
conditions which cannot be neglected, viz., the mechanical 
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Iron Stalla, Blmcklps and SulU Insulators uaeil (or Low-Teneiua 



DETAILS FOR AEmAL LINES. 



etieDgth of supporting devices and higli insulation resist&nca 
of tfae conductor. The general plan of carrying wirus on insu- 
lators is familiar to ua all, by reason of the large number of 
telegraph, and telephone wires in use everywhere, and there is 
thus no need tor a detailed description. The moat frequent 
forms of iron stalks, shackles and solid insulators, suitable for 
low-tensioQ bare wire lines, or insulated cable circuits run 
overhead, are shown in Figs. 25 to 30. The uses of the various 
types of support will be apparent on inspection. The stalks are 
usually of galvanised iron, either with coach screw threads, or 
screwed for tapping into metal ; for very heavy power lines, in 
which copper cables of about 19/16 S.W.G. are used, the stalks 
are forged or cast steel, sometimes galvanised. The insulators 
are made of glazed white or brown ware, the latter being the 
stronger and more durable. 

The line wire is laid in the groove at the top or on the sides 
of the insulators, and is lashed securely in position by binding 



It the line pressure be high, and the dielectric covering around 
the cable of a low quality, it is usual to use an insulator, 
with a recess moulded in the inside of a bell-shaped bottom, 
which is filled with a resinous oil of high specific resistance. 
This plan is illustrated in Figs. 31 to 34, p. 02. Figs. 33 
and 34 are adapted for straight lines ; Fig. 31 for curves and 
straining posts, or for attachments at the end of a line; and 
Fig. 32 shows a torra used for carrying a bare steel wire to 
which the copper cable is suspended by leather loops (see 
Fig. 35), or by a metal hook as shown in Fig. 36, p. 93. The 
function of the oil is, primarily, to prevent surface leakage of 
current, especially during wet weather, when it necessarily 
occurs with the solid type of insulator. To maintain the oil tq 
an efficient state, it is important to prevent an accumulation of 
dust or water on its surface. The arrangement shown in Fig. 33 
is the Indian Government pattern, and is, perhaps, superior to 
any of the other devices ; but the types of insulators shown in 
Figs. 31 and 34 have given excellent results in most of the 
plants installed by the author. In very dusty places, or where 
the insulators are difQcult of access, it is better to use the form 
illustrated in Fig. 33. 



DETAILS FOR AERIAL LINES. 

With regard to posts, it is clear that tbeae will only be 
employed where there are no buildings or other convenient 
■objeota to which the insuUtorB may be attached. For croas- 
GouDtry lineB wood posts are usually Tound to answer all the 
reqii'rements; but along roadways, and in other special cases 
hollow steel posts will be found to be nearly as cheap, and 
certainly more durable and ornamental. Ic ia probable, however, 
that in the class of work to be carried out in the near future, 
wood posts will be more generally preferred. They should be of 
■well -seasoned larch or pitch pine, and be firmly embedded in the 
ground to a depth of from four to sii feet, according to their 





Fig. 35. Fk. 36. 

HnngerB for Suapendinp Cables from a Beftrer Wire. 

height and the strain they are designed to carry. It is not eaay 
to give definite rules tor sizes of posts, lengths of spans, and 
strain in conductor; but an esamination of a few trunk telegraph 
lines will exemplify the principles involved. Some idea of the 
length of spans and dip of the cable — with and without a 
bearer wire—may be gathered from Table H, p. 94, which has 
been compiled by the Silvertown Company. 

These figures agree fairly well with the author's own experi- 
ence. In connection with this part of the subject, it should be 
noticed that the Board of Trade Regulations fix the maximum 
length of span at 200fc. where the direction of the conductor 
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is straight, and at 150ft. where it is curved, or when the 
conductor makes an angle with the support. These regulatiocB 
also require b. factor of safety of at least 6 in the conductora 
and BUHpending wires, and of at least 12 in the poats, standard^ 
and fised attachments, taking the maximum wind preaauro to 
be 501b. to the square foot. The accumulation of enow amj 
be neglected, since the slight heat generated in the oonducton 
is Buflicient to melt the snow in this climate. 

Table H. 



Copyer conductor 
strands of 


Dip. 


Spaa. 


Without Bteel bear 
itig wire. 


With 7/16 steel 


7/30 
7/18 
7/16 
19/18 


5 teet 
5 „ 
5 ,. 
5 „ 


Mteat 
80 „ 
1C2 „ 
UB,, 


238 feet 

'■'ZO ,. 
23u „ 
210 „ 
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S20. UNDERGROUND LINES, CONDUITS, BUILT-IN 
AND DRAWING-IN SYSTEMS. 
It is becoming generallj recognised that aiirial lines, whether 
ot bare copper or insulated cable, though permissible in open 
country where they are free from wilful or accidental damage, 
are a source of possible danger in towns, ^'c. And it is also 
apparent that such lines are especially subject to interference 
from lightning. (The rosthetic Tiew of the question is irrelevant 
to the purely engineering aspect, and need not be discussed.) 
It is evident, however, that if a line has to be made permanent, 
and be required to work continuously at a minimum cost of 
maintenance and depreciation, it must be protected from both 
atmospheric influences and accidental injury, These ends are 
best attained by laying the cables in the earth. Experience 
gained with gas and water mains points to two methods : in 
one, the cables are simply baried in tlie soil at a safe depth ; in 
the other, they are run in conduits or pipes. 

If the first system be adopted, it is evident that the insula- 
tion of the cable must be protected from mechanical injury 
during laying, and afterwards from a possible erosive action of 



UNDERGROUND CIRCUITS. 

the soil, and, perhaps, from the efiecCa of water. Tbis a 
the use of a metallic sheathing of lead if the Water Company's 
practice be followed, or iron if the Gaa Company's eiperience 
be accepted. Both kinds of armouring have been used with 
Bucoess here and failure there. The cai^ea determining the 
result are often obscure, but electrolytic decomposition, assisted 
-more or less by the peculiar constituents of the soil and water, 
can always be shown to have taken place. In fact, the problem 
is complicated by the inevitable leakage of at least one main, 
usually the negative, and sometimes by weak points on both. 
The passage of an electric current through water breaks up the 
chemical combination into its component gases, oxygen and 
hydrogen. The liberated oxygen immediately attacks any 
osidisable material in contact with it — the lead sheathing, for 
example — and soon changes its nature. Other more obscure 
chemical changes, resulting in the formation of free chlorine, 
hydrochloric, and sulphuric acids, and other corrosive agents, 
may also occur if the soil be impregnated with suitable salts. 
Hence, wherever there is a leakage of electricity, there is a 
tendency to destroy the metallic sheathing, the insulation, and, 
finally, the copper conductor itself. It is, therefore, necessary 
to protect the metallic armouring by servings of jute soaked 
in tar, ozokerite, or some preservative compound. And in all 
cases it is wise to lay the cables in clean soil, clay, or fresh- 
water gravel, and to protect them by boards from mechanical 
injury — such as an inadvertent blow from a pickaxe. The 
armoured concentric mains laid at Bradford for the lighting ser- 
vice are a good example of this class of work. They have been in 
continual use for about four years, and the author is assured by 
the engineer that the insulation resistance has increased since 
they were laid in the ground, and that no trouble is expe- 
rienced with the coupling-up of consumers through the iron 
junction boxes already referred to.'"' 

The second method may be considered under two heads: — 
(n) the "built-in" systems, in which the cables, usually strips of 
hare copper, are laid in conduits, and covered-in permanently, 
80 that they cannot be reached without taking up the top soil ; 
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and (I) the " drawing-in " systctna, in whioh continuous lines tf 
waterfjroot conduits, or pipes, or troughiog are laid, with 
drawing-ill boxes at intervals of from 80 to 100 yards in tlio 
straight, and at all sharp bends. 

A complete discussion of these systems of laying cables ia not 
suitable here, siuce this properly belongs to a treatise on central 
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stations fur distributLn^; hjilit (and perhaps power) over a 
aret to a number of pomti m close contiguity , wherea; 
book treats, primarily, of the transmission of power between 




Fig. 33. — Callender Solid Bitumen Piji 



if Trough. 



places relatively far a[a a d larily, of its distribution 

to a comparatively few i n s n a 1 mited area. And should 
it be deemed advisable n he cables underground, some 

modification of the fi me h d ( bles simply buried) is sure 
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to be selected from the mere cousideratioo of first cost. If^ 
however, the cables are likely to be frequently diBtiirbeii for 
CDupliug-iip supply maioa to new points, or if they are likely 
to be increased in number within a i-eaaonable time from the 
first installation, then one of the second aystems may prove to 
be the cheaper in the long run, but this cuntiiigeucy is improb- 
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able on the supposition laid down in the preface and introduc- 
tion. It will be, therefore, sufficient to illustrate the methods 
by a few characteristic drawings. 

(a) One of the best " built-in" systems ia the Callender Solid 
Bitumen ayatem (illustrated in Figs. 37 and 38). The troughs 
are made in cast iroo, in lengths of 6ft., with sockets at one 
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t when fitted together there is a free " run " inside. 
The lengths are coupled togetlier by eounter-aunk bolts and 
nuta. Bends and circular pieces are used to carry the mains 
round corners and for changing the levels at crossings, but 
considerable deviation from the straight line is possible with 
the standard type. The method ot laying is as follows i — ^Tbe 
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troughs &re first connected in position and then a. small 
quantity of molten bitumen is run in, and before it seta bridges 
of bitumiuised wood are placed in it at intervals of ISin. The 
insulated cables are next laid in position and held in place bj 
these bridges so as to be clear of the sides and bottom of the 
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trough and of each other. The interior space is then careful^' 
filled up with bitumen to within half an inch of the top, and 
the ^rhole is finished off with a covering of Portland cement or 
cast iron lids. It is obvious that cables laid in this manner 
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are completely protected from the action of damp, water, 0^^ 
gases, and yet repairs can be easily and rapidly made. The 
method of coupling up the service mains is illustrated in 
Figs. 39 and 40, p. 97. 



(Ij) The drawing-in ayatems are illustrated by Fig. 41, 
■whiub refers to the Callender- Webber Bystem and ahowB the 
conduit, a brick pit, and the method of coupliog the feeders or 
service mains without junction boses. The conduit consists of 
bitumen concrete formed in blocks 6ft. in length and pierced by 
"ways" {see Fig. 42). The standard sizes of tbese cases are for 
2,3, 4, and 6 ways of either IJin., 2in., 2^in. or Sin. in diameter. 
To join the lengths, the cases are brought together and an iron 
mandrel placed in each of the ways. Melted bitumiuoue 
concrete is then run between the two cases and rammed home. 
When the bitumen is cold the mandrels are withdrawn, leaving 
a perfect joint as strong as the main case itself The " ways " 
a,re quite smooth throughout their entire length It is said 
that the cables occasionally sink into the bitumen in course 
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it Trough 



of time and cannot, therefore, be withdrawn The CalJender- 
Rawortb system (Fig 43), however, entirely obviates this 
difficulty, and combines the mechanical strength of the solid 
bitumen system with the facihties of a drawing in system. It 
consists of cast iron troughs nith flanges. The spaced wooden 
bridges are fixed at short intervals, and on these are laid tubes 
of specially -made paper impregnated with bitumen. The tubes 
are joined together by sleeve pieces and are then buried in 
solid bitumen. The conduit is closed on the top by a cast-iron 
lid with flanges fitting over the sides of the trough. The high- 
pressure hghting mains at HuddersSeld are thus laid, and are, 
m the author's opinion, a first-rate example of conduit work. 
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Messrs. Doulton and Co. make a variety of desigus m 
vitrified stODeware casing, suitable either for built-in or 
draving-in systems. They are made both with solid and 
Mmovable tops, aod in every respect are suited to the various- 
requirements of (Kinduit work. The atonew. 




: to water and gas, and is made ) 
lengths, easily jointed in position by cement or bitumen."" 
The lengths of casing are laid, with a small space between 
them, in cast-iron or stoneware jomtiug collars Mandrels with 
india-rubber heads are then introduced into the "wajs" 
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expanded opposite the joints by a aorew. ^Molten cement is 
next poured iu to fi!l up the space between the leogths. The 
cemeut sets in a. few minutes and then the mandrel is removed, 
leaving a, smooth joint in the inside, and insulated cables may 
be safely drawu into the " ways." Solid casing with two 
" ways " is shown in Figa. 44 and 44i, in vertical and horizon- 
tal section at a joint ; while the method of using the mandrel 
is made clear in Figa. 45 and 45a, (a) showing the mandrel aa 
introduced into the " way," and (h) showing it expanded and 
closing the duct. This ware can be made in almost any shape, 
and will probably be largely used in the future instead of 
cement for conduits with removable tops. In price it competes 
favourably with most of the methods now in use, and its great 
Strength, combined with its insulating qualities, commend it 
for a niimber of purposes incidental to electrical work. 

The same firm make round spigot and socket pipes in stone- 
ware with Standford's patent watertight joint. The principle 
will be at once seen on reference to Fig. 46. The black part 
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SeotioD o£ Joiul aa Laid. 



in the joint refers to a special preparation of bitumen fitted 
around the spigot and inside the socket. That in the spigot 
b curved, while that in the socket tapers gentl/ inwards from 
the mouth. To joint the pipes it is only necessary to place 
the eoda in line and push them together — a little thick grease 
being first put on the surface of the bitumen. It is obvious 
that an exact alignment of the pipes is not necessary, and that 
the joints will remain watertight with even a considerable 
settlement or displacement of the line of pipes. This method 
of jointing will, no doubt, find favour for electrical purposes, aa 
it already has for water works. 
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Iron pipes ha,ve not been referred to beoauM their use ia 

suffioiently obviouB. It may be mentioned, however, that cast 
pipes are more durable than wrought ones. They form the 
cheapeat kiud of conduit and are most frequeatlj used for 
high-pressure feeders, which, of course, are heavily insulat 
Generally, iron pipes are not Bo well adapted for the 
tributors as the Callender or kindred systems. 
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g 21.— LIGHTNING DISCHARGES, LIGHTNINa 
DUCTORS, AND LIGHTNING ARRESTERS. 

It has already been mentioned that aSrial lines are specially 
liable to trouble from lightning. It is, therefore, important to 

study the conditions under which lightning discharges take 
place, and also to examine the various methods in vogue for 
protecting the line and plant from damage. It is well known 
that trees, tall buildings, and elevated structures in general, 
are more likely to be damaged by lightning than low-lying 
parts ; and it has also been observed that a certain area around 
a tall building, such as a church spire, is comparatively safe, 
and rarely receives damage from this cause. It is therefore 
customary to erect lightning conductors with barbed platinum 
points on the summits of tall or isolated buildings, and to con- 
nect the rods with the earth by means of suitable earth-plates 
buried in moist ground. The theory of lightning conductors 
has been elaborated by Prof. Oliver Lodge, to whose excellent 
work* the reader is referred for more complete information. 
It will now serve practical purposes to make a few generalisa- 
tions with reference to the subject. The function of a lightning 
conductor is to prevent disruptive discharges by rendering 
the accumulation of a dangerous charge an impossibility. To 
attain this end experience shows that the discharging rods 
should be of stranded wire or ribbon so as to offer a low resist- 
ance to the high periodic current of the discharge, The metal 
may be copper or galvanised iron according to the view taken 
of the relative values of electro-magnetic induction and ohmic 
resistance. Prof. Lodge inclines to an iron conductor, but 
usage certainly points to copper. The conductor should form 
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a network, completely BuiroundiDg the Btructure of the 
building, and discharging pointa should be placed at every 
prominent place, or semi-detached part. Insulators should be 
oeed to carry the rods, in order to lessen the liability of lateral 
discharges to metallic thiags in^iih the building, and all 
external metal-work, such as water-pipes and iron ornaments, 
should be connected to each other and to earth, but not to the 
lightning conductor. The conductor is usuaily composed of 
aeven strands each of No. 9 S.W.G., or of a ribhou lin, wide 
by ^in. thick. The earth-plate (or plates) should not be of less 
area than, say, 30 sq. ft., counting both sides, aud should be 
bnried about 20 ft. below the surface, so as to ensure contact 
with moist soil, even during times of drought. Sometimes an 
iron pipe is used, in which case the area must be reckoned 
from the outside only. 

Lightning conductors as ordinarily understood, however, are 
not the only protection required for aiirial lines, which, as a 
rule, lie much nearer to the earth than adjacent trees and 
buildings. Indeed, the difficulties in connection with atmo- 
Bpheric electricity which have to be encountered are of a varied 
character and demand special precautions. Lightning discharges 
may be conveniently divided into four classes. 

(a) The most dangerous of all is a stroke falling on the line 
from clouds directly overhead, which raises the potential to a 
dangerously high point. 

(i) It discharges of electricity occur between clouds in a direc- 
tion parallel to or approximately parallel to that of the line, they 
tend to induce charges in the line and cause a disturbance in 
the line pressure, which may, or may not be compensated for 
by the effect being in the same direction in the lead and return. 

(e) If part of the line be earthed at two or more places, 
disturbances in the surface potential of the earth may cause 
relatively lai^e currents to pass through the copper line before 
equilibrium is restored. 

And {d) The electrostatic induction of banks of clouds may 
cause rapid and violent changes of pressure in the line. These, 
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in a mollified degree, are probably of frequent occurrence, but 
fortunately, the pressure can be rapidly adjiiated through 
hghtiug arreBters, 

From an examination of the preceding divisions it may be 
assumed that lime is au important factor in the effecta of the 
discharge. ludeed, it seems probable that even a well-designed 
lightning conductor is insufhoient to carry off the enormous 
discbarges which gometimea fall directly on the line from Ion"- 
lying clouds. Yet the true function of a lightning conductor, 
in the author's opinion, is not to form a safe path for the surg- 
ing current of the discharge, but to prevent the accumulation 
of a dangerous potential by a continuous silent discharge. 
Viewed in this light, lightning conductors are useful in power 
work and may be placed at intervals on the posts, as indicated 
in Fig. 30, p. 90; but to be effective they must be efficiently 
earthed to plates, preferably of copper, of not less than 6 or 
y sq. ft. in surface on each side. The wire connecting the dis- 
chai^er and the earth-plate may be of galvanised iron wire, 
aay, seven strands of No. 12 S.W.G. — not solid wire. 

Inductional disturbances produced either by discharges.- 
between clouds or by the electrostatic effects of heavily- charged 
layers of clouds can be generally guarded against by means of 
devices known as lightning arresters. (These are referred tc' 
later.) Or, the line wires may be almost certainly protected 
from these troubles if a bare grounded wire be run on the tops 
of the poles, a toot or so higher than the insulated circuit. 
This is UBually of bare stranded iron wires, and is earthed at 
either end and at intervals along the lines, and is, therefore, at 
the same pressure as the earth. As soon as there is a tendency 
to produce a diaturhance of pressure in the system, it i^' 
annulled by a discharge between the earth and the grounded 
wire, and there can be no great difference of pressure between. 
the earth and the insulated copper mains from this cause. 
The safety grounded lino is shown in Fig. 47. 

The iron wire might with advantage be connected to dis- 
charging rods placed on the tops of posts on high ground or 
exposed positious. Although the use of an earthed wire 
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parallel to the icBulated ones is fully appreciated in the 
■Celephone and telegraph Bervioee, it seems to preaent several 
difficalties with high-tenaiou circuits. Since the " live " cir- 
cuits, i.'\, the vfirea carrying the high-preaaure current, are 
close to the " grounded " wire there is a chance of linesmen 
receiving shocks, especially if an earth return be used as in street 
railway work. This riak is obviously increased if the " live " 
wires be bare, and there is also the chance of sbort-circuitiog 
the " live " and " ground " wires by accidental contact with 
telegraph and telephone wires. If both lead and return be 
covered with insulation, these objections hava less weight, but 




Fig. 47.— Grounded Dischargiog Wire. 

even slight leaks may give serious shocks, when the working 
pressure is high. 

However, this method is so efficient and ao generally avail- 
able that the author strongly recommends it for power lines 
running across open country, where the previously mentioned 
difficulties are not of so much importance. But the cheapest 
and in many respects the most practical way of securing com- 
parative immunity from lightning discharges with an overhead 
line is to use a concentric cable in which the outer metallic 
sheath forms the return and is grounded. This arrangement 
only reijuires one conductor in place of two and the earthed 
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wire, and aa the positive wire is protected by the msulatioa 
between it and the negative wire ■ind also by the grounded 
wire itself, it is abaolutelj impossible for a linesman to get a 
shock. And in the event of a short ciroiiit the worst that can 
happen is the bloning of one of the cutouts A concentric 
cable used in this manner must not be confounded with a 
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simple earth return or an insulated bare wire return, in both of 
which cases there is always the chance of severe shocks to men 
working on the line. 

Lightning arresters have already been referred to, and two 
elementary types are illustrated din gram mstically in Figs. 48 
and 49. The theory underlying the use of these devices ia 




Fid. 49. — Lightuing Arrester. 

found in the power possessed by high pressure and high fre- 
quency currents to leap across air-gaps of high ohmic resistance 
rather than traverse the line and dynamo circuits which have 
large self-inductioa but small ohmic resistance. 

In Fig. 48 there are two plain-faced discs of metal insulated 
from each other by an adjustable air-gap. The "live" wire. 
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is coupled to one diso, and the other is " grounded." The 
action is as stated above. 

In Fig. 49 another property of an electric charge is utilised 
to render tbe device more sensitive and certain in ita action. 
It is found that an electric charge does nob distribute itself 
equally over the HurFace of a body but tends to accumulate at 
points, from which it is also moat readily discharged. This type 
of arrester has therefore a dual purpose. In the first place it 
acts aa a discharger, and tends to prevent a slow accumulation 
of electricity ; and, secondly, the spark-gap forms a path of low 
resistance, compared with that of the line, dynamos and 
motors, in the event of a large disturbance of pressure in 
the system. Referring to Fig, 49, o is a plate connected to 
the line, h a plate of similar size connected to the earth, the 
two serrated edges being placed opposite to each other. It ia 
evident that a will be at the pressuro of that part of the line 
it ia in contact with, whilst b wilt be at the same pressure as 
the earth 

The distance of the spark-gap can be regulated to suit the 
working pressure of the line. If this pressure be exceeded by 
a predetermined amount dependent on the distance between the 
teeth, a discharge will take place from one plate to the other, 
thus preventing an esceesive difference of pressure. Since the 
inductive disturbances due to lightning are of a periodic 
character, it follows that there will not be the same tendency 
for disruptive discharges all over t!ie area of the system at any 
moment. In fact, there will be a series of nodes continually 
shifting their position. To ensure efficient protection, then, the 
arresters should be placed at intervals, and also at the entrance 
to tbe power station, and across the terminals of all dynamos 
and motors coupled to the circuit. The method of applying 
them will be clear, after a perusal of the preceding statements. 
Owing to the fact that a much lower pressure ia required to 
maintain an arc than to initiate it, the simple forms of arrester 
(shown in Figa. 48 and 49), although affording efficient protec- 
tion to telegraph and telephone circuits, are not satisfactory 
on lines which are worked at a high pressure. For there is a 
risk of short circuiting the dynamo through one of the arresters. 
In fact, it ia necessary to provide some means for estinguishing 
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the arc oa aoon ae it is formed. This can be accomplished in 
various ways, the most apparent being to move the platea apart 
uufficiently to break the circuit after each discharge, and then 
immediately to return them to the original position. Another 
plan is to blow out the arc by means of the heated air resulting 
from the energy of the spark. Or the spark-gap may be sub- 
divided into a turies of very ahort intervals, which effectually 
prevent the tormation of an arc by the lower pressure of the 
line, but across which the high pressure discharge readily leaps 
in a series of small sparks. Or the sbort-circuittng current 



..-■'-UZM:::-:. 




h p p 



The air blast arc breaking and self adjusting type of light 
ling arroHter is illustrated in Fig. 50, which shows the so-called 
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" keystone " pattern, made by the Westinghouse Company. 
It ia largely used in the United Statea on power circuita. The 
action will be clear on reference to the diagram. The black lines 
show the normal position of the discharging points, the dotted 
lines refer to the movement which takes place immediately 
after a disruptive diacharge, when the heated air has driven the 
dischargers out of the box. This action takes place on either 
pole, and so the arc is effectually broken. The swinging arms, 
after striking against the mallet-shaped stop at the top, 
rebound agtun into their normal position, and the arrester is 
again ready for action. In theory this device is admirable, and 
practically, perhaps, the only objection is the moving arma 
which are likely at times to stick. The apparatus as actually 




Fig. Sl.^Tho Power Cirouit Liphtning Aireate-. 

inatalled ia shown in Fig. 51 ; the bo:: is opened in order to 
show the interior arrangements. 

The magnetic " blow-out " type is generally not so satisfac- 
tory as the " air-blast," it being found that there is a tendency 
for the spark-gap to fuse across before the magnet has time to 
act To obviate this, the strength of the magnet must be 
carefully adjusted, and in some designs carbon buttons are 
uaed on the diachargers. The carbon gradually disintegrates 
by the heat, and the length of the gap, therefore, requires 
adjustment from time to time. 

Fig. 5Ia illustratea the Thomson-Houston arc line protector. 
The epark ia formed at the base of the curved metallic horn 
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platea, but is instantly repelled by the etrong magnetic field 
produced by the electro magnet in the air-space, the lines of 
which are perpendicular to the path of the discharge. The arc 
is thus pushed along the horoB and increasing in length is finally 
broken. 

One of the most successful of the devices depending on the 
bnnging into action of new pomta after each discharge is the 
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WasBon arrester. In this the arc ia formed between carboii' 
buttons, and the current melts a fuse, causing a lever to drop 
and thereby bringing into position a fresh couple of carbon 
points. The arrangement contains, say, four or five sets of 
carbons, and therefore is able to deal with as many discharges, 
after which fresJi fusea are required, and also a readjustment 
of the buttons. It has therefore a more limited scope than 
the WestinghouHo air-blast type. 
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The " Wurta " lightning arrester depends on the subdiviaion 
of the arc into a number of minute sparka, and practically 
assumes that an arc is never formed. In its most uaiial form, 
and as largely used on tramcara by the Thomson -Houston 
Company and otbers, it consists of a number of thin iron 
washers threaded on an insulated column and separated from 
each other by thin discs of mica. The top sheet of iron is 
coupled to the " line," and the bottom to " earth." In order 
to form a circuit between the two end plates it is necessary for 
the current to leap from the periphery of one piate to that of 
I the neit, and so ou through the series Oeeaaionally, beading 
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after properly esperiraenting with the particular line pressure, 
it is possible to select such a size and nurrber of plates that 
excellent results are obtained The portability and automatic 
action of the arrester commend it specially for tramear work. 

The action seems to be due to the large number of gaps, the 
length of which is short compared with the breadth, which ia 
equal to the length of the periphery of the plates. The general 
appearance is given in Fig. 52. 

The preceding remarks refer chiefly to direct- current syBtoms ; 
with alternate currents a much simpler device is sufficient. It 
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has been demouBtrated by Mr. Wurta that zinc, antimouy, 
bismuth, cadmium, and mercury have the properties of 
breaking an alternate- current circuit without aparlting, and 
faeuce are called by him noit'iiparhng TJielah. This gentle- 
man has availed himself ot this peculiar fact to design a very 
interesting and effective form of lightning arrester which will 
.permit a l,OOU-volc alternator to be ahort-circuited through 
it as ofCeu as desired, without even affecting the lamps on the 
■circuit, so rapidly is the high-pressure arc destroyed. It is 
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TO EARTH. 

' Doublp-i'ole AlteruttLe Current Liglilniog 



shown in Fig. 53, which is of the double-pole type. The seven 
pillars, each Sin. long by lin. in diameter, are solid and cast 
from an alloy of zinc aud copper, and have knurl, d surfaces. 
The Bpark-gapj are each j^^ths of an inch in length, and as 
the earth wire is joined to the middle column, there are three 
spaces on each side equal to a total gap of j^ths of an inch. 

Incidental to non-aparking metals it may be mentioned that 
the inventor aaja they only show these remarkable properties 
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where the spark-gaps are very small ; and if the gap be 
increased to half an inch the short circuit will be maintained 
with a vicioua are. The author has ha<i no actual experience 
with these intereatiog arresters, but Mr. Wiirta has given the 
subject much attention, and his iovestigations in this field are- 
undoubtedly of importance. Some thousands of these non- 
arcing arresters are already being used in the United States 
with success.* 

Fortunately, owing to our climate, there is not the same- 
need for lightning arresters in Great Britain as in some other 
parts of the world. This happy circumstance explains to a 
large extent why the power circuit and station devices are 
chiefly of American origin. And due allowance must also be- 
made in the relatively small number of overhead power circuits 
in the United Kingdom. All telegraph and telephone lines 
are, of course, protected by arresters, but, as already stated, 
the overhead grounded line and the devices shown in Figs. 48 
and 49 prove amply sufficient- 

The author has had, however, in the course of hta proFeasional' 
work, to erect a number of overhead circuits for power purpoaea, 
and accordingly he designed some years ago tibe double-pole- 
lightning arrester, shown in Fig. 54, p. 114. The base is of 
metal, and ia grounded ; the faces of the discs are serrated in 
straight lines, placed at right angles to each other when in the- 
position for action. The two discs are severally coupled to the- 
positive and negative pole mains outside the main fuses, so that 
in the event of a disruptive arc ftMining across the plates and 
short-circuiting the dynamos, the cut-outs shall at once open 
the circuit. Although the author has used a number of these- 
Ughtning arresters in some of the most open and mountainous 
parts of Great Britain and the Continent, he has never known 
a case where an arc has been formed. This does not prove that 
(under suitable conditions) an arc cannot form, but seems to 
suggest that the device acts as a silent discharger within the 
limits of the tests to which it has been aubjected. It should 
also be marked that it is the author's invariable practice to use 

• Vide TSfi Electrician, December 2, 3892, and Paper i-ead by Mr. WurM 
before the American Institute of Electrical Engineers on March 16, 1892. 
entitled "' Liglitiiiiift .\rresterB and Non-arcing Metals." 



toothed arreBters at varioua parts of the line, mounting them 
on the poata ia water-tight metal boxes, and also to use dis- 
-chaigiag rods or lightning conductors at the pioat exposed parts 




of the circuit. And he has always used the overhead grounded 
line as well as these arresters in mountainous districts, which 



are subject to heavy thuaderstorn 
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DIRECT CURRENT SYSTEMS OF TRANSMITTING 
AND DISTRIBUTING ELECTRICAL POWER. 

g 22. IntroductiQii and DefinitionB.— § 23. Seriea Working : Cooatant Cur- 
rent Syatem ; Single Dynamo and Motor in Seriea. — § 24. Parftllel 
Working : Simple Parallel ; Reverae ParaUe! ; Feeder System ; Three- 
Wire Sjatem ; Multiple-Wire Feeder System with Regulatora,— 
S 25. ContiDuouB Current Tranatormers or Dynamotora. — g 26. 
JtethodB of Compensating tor Fall of Preaauro on Feeders and 



§ 22. INTRODUCTION AND DEFINITIONS. 

In the previous chapter the line and its details were discussed 
in theory and practice, but the electrical systems of tranamit- 
ting power were not differentiated. Aa it is of the utmost 
importance to understand the essential difFerencea between 
them, and to notice the cases to which they are severally 
applicable, these branches of the subject will be treated in 
separate chapters. 

The electrical systems of transmitting and distributing power 
may be claBaified, according to the direction of the current, as 
continuous or alternate ; or, according to its division, as series 
or parallel. The former classiScatioa will be adopted here. 

A continuous current is one producing electromagnetic 
effects which are continuoua iu direction. An alternate current 
is one producing electromagnetic effects which regularly and 
rapidly alternate in direction. One complete alternation ia 
called a period, and the number of periods per second the 
fre^tency of the current This varies in ordinary practice from 
about 40 to 130. 



11« ELECTRIC MOTIVE POWER. 

A aeries syBtera ia ona in which the ourrent ia used in a 
single cirouit ; a parallel ajstein, one in which the current ia 
divided into two or more circuits. Both contiuuoos and alter- 
nate systems are capable of patalie! working, but only the 
continuous ie suitable for series running. 

§23. SERIES WORKING. 
The simplest case of transmission is that in which the' 
current ia of the same value at all parts of the circuit, and in 
which therefore the dynamos and motors are all coupled iu 
series with each other («ee Fig. 55). The current is usually con- 
stant, the system being detined as series or constant current, 
and its application is limited by considerations of pressure of 
dynamoa and speed regulation of motors. It is not likely to 
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be largely used, and is worthy of consideration cbieSy on 
account of the particular case in which there are only twu 
machines — one generator and one receiver. (This, although a 
true series system, is not necessarily a constant current one, 
and indeed is generally worked with both pressure and current 
varying with the load ; it is specially discussed at the end of 
ihis section.) The constant- current series system, as its 
name implies, requires the current to be maintained approxi- 
mately of the same intensity ; and alterations of load are 
brought about by changes of pressure. Since all electrical 
work can be expressed by the product of the numbers of 
volts and amperes in the circuit, or symbolically e x v, it 
ia clear that for a given value of j„, the output of the 
dynamo (or dynamos) is limited merely by the pressure, e, 
at which it is found practicable to work. The iueulation 
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of the circuit and machines presents difficulty, and the 
collection or commutation of the current is influeneed by 
the preBBure. It ia found that a preaaure of about 3,000 
volts is aa high as can be conveniently dealt with ia machinea 
of the open coil type, such as the TboniBOn- Houston and the 
Brush are dynamos; while with closed-coil drum, disc, or 
Gramme armatures, one of 2,000 volta is, perhaps, all that can 
be aafely handled. (The difficulty will be increased if the 
current exceed the 6-8 or 10 amperes required for arc circuits.) 



The pressure difficulty can be met to some extent by coupling 
two or more dynamos in series with each other, and thia plan 
has been tried with success. It ia a common practice to couple 
mechanically two dynamos in line with the prime motor — 
say, a turbine — and to connect the armatures electrically. 
But in order to maintain the current constant, it is necessary 
to vary the pressure to suit the work. Thia may be done in 
several ways. For instance, the speed of the prime motor, 
and, consequently, that of the djuamo, may be varied ; or a 
governor may be used to alter the excitation, or to change 
the position of the brushes, and so cause the armature to have a 
greater or less demagnetising effect on the field-magueta. The 
controlling power for either of these governors is the main 
current which energises the soft iron core of a solenoid, and 
coQuectioii ia made by suitable link motion to variable 
resistance coils, or to the bruah rocking frame. The effect 
of altering the excitation ia suffieieutly obvious ; but that 
of shifting the brushes is not so clear. It may be roughly 
stated thua : — When the external resistance of the circuit is 
lowered, by cutting out one of the motors or arc lamps, or 
by a reduction of the motor speed, more current tends to 
flow in the circuit, Thia increase of current energises the 
solenoid, causing it to shift the brushes to a freah position 
where the pressure ia lower, and thereby the current ia 
decreaaed. When the current falls below the designed value, 
the governor also shifta the brushes, but in the opposite aense, 
and inereaaea the pressure so as to tend to raise the current 
to its normal value. However, in the nature of things, with 
anoh a method of control, it is clear that the current cannot be 
maintained constant, for the governing depends on a departure 
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from the designed value, In fact, it is found that the current 
varies between certain limits for full load and no load, the full- 
load current being leas than the no-load current by an appreci- 
able amount. The resvilt of this variation is, that there is always 
a tendency to stop any motor which is temporarily 1( 
beyond the torque corresponding to the particular current. 



:hie^^^ 



The constantcurreut dynamo has hitherto been chii 
used for arc lighting, and as many as 60 lamps, each of 
2,000 c.p,, and requiring about 30 volts and 10 amperes, have 
been run in series off a single machine. A3 a rule, it is not 
necessary to vary the number of laraps on an arc circuit — either 
all lamps or no lamps being required to be in use — and, there- 
fore, the fluctuation of the current is not of much moment, 
and, in any case, would only increase or diminish the illuminat 
ing power. But with vuitors it is a very different matter. 

The torque of a given motor [see equation (16), T = _ '.V*^*, 

p. 43], depends simply on the current in the armature, if the 
field excitation be kept constant. In considering the action 
of motors in series on a constant current circuit, first let it 
be assumed that there is only one motor in the circuit, and 
that its field excitation is constant. The motor will run at a 
stable speed, determined by the relative values of the torque, 
excitation, and current. Next suppose that the main current 
is decreased by the interpolation in the circuit of another 
motor, also with a constant field excitation. As soon aa the 
current passes through the second machine its armature will 
start into motion, if the current be large enough to overcome 
the static resistance, and will steadily increase in speed until 
the counter pressure is just sufficient to permit the partiot 
value of current to flow under the forward pressure ; or vhed 



n, = the main current, 

e = the forward pressure, 

E) = counter pressure of the motor, and 

r=the reaiatance of the motor. 
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But if the torque be too large for the particular current and the 
excitation, the armature cannot move; aad the introduction 
■of the second motor will increase the resistance of the circuit, 
and 80 lower the current, the immediate effect of which will be 
■to Btop the Srst motor, unless the dynamo is governed so as to 
keep the current constant. 

These effects are intenaified by the fact that a constant cur- 
Tent dynamo or motor is usually series wound, and that con- 
sequently the field coils are traversed by the main current ; 
therefore, a variation of current affects the torque not only by 
■virtue of its effect on the armature, but also by altering the 
■excitation. Thne the constant cun-ent motor (as well as the 
dynamo) requires a governor, controlled by the current or the 
tpeed, which will strengthen the excitation as the speed 
diminishes, and vice versd. The problem of running each 
motor independently of all others in series with it haa 
been attempted by means of centrifugal governors, which, 
essentially, move a short-circuiting piece so as to cut in or out 
of circuit more or less of the winding, or else vary the resist- 
ance of a circuit placed as a shunt to the main exciting coils. 
The same end might be attained by means of a solenoid 
actuated by the main current, if only one motor were used ; 
but there do not appear to be any published accounts of prac- 
tical devices embodying this idea. The author has built a 
number of motors with centrifugal governors, which have 
'worked satisfactorily enough on power circuits ; and in the 
United States similar motors are used on arc lamp circuits, 
but probably the number is not large. The power plant at 
Genoa is, at present, the most interesting illustration of con- 
fitant-current working. It is notewortby that the designers 
have found it convenient to control the pressure by vary- 
ing the speed of some of the generators, and by altering the 
■excitation oE others. But the motors are all controlled by 
governors which vary the field excitation. This plant is moHt 
successful. 

Evident objections to constant current working are the 
'heavy field-magnets necessary to prevent stoppages with tem- 
porary overloading, and the difficulties of maintaining the 
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corrent constant. In cases where the load is constaot, such 

»,i \a driving ventilating-faaa, for eiample, no governor ia re- 
quired, and series motors are more coDTenient than parallel 
ones, since no starting reaiatance is necessary . And in 
oases where the escitation can be controlled by hand, aa- 
on tranicars, there is an apparent field for series motors on 
constant current circuits. In practice, however, it is found 
that if more than three or four cars are worked in series 
the one with the heaviest load is likely to stop, and cannot he 
re-atarted until the load on the others is decreased. In fact,, 
the possible output of the dynamo is fixed by its speed 
and the arrangement of the brush -rocking governors, and 
there is only a limited number of volts free at any particular 
moment to deal with sudden teniporary demands. Aa is well 
known, the load diagrams of tramcara show large variations 
occurring far too suddenly for the steam governors to control ; 
snd therefore, just when the dynamo should increase rather 
than decrease its speed, the engine ia checked and au increase 
of pressure is impossible for the moment. 



The series traction system was tried between Gravesend and 
Northfleet from 188S to 1891. There were two trams with, 
aeries motors regulated by hand, and a self -regulating constant 
current dynamo. No special difficulty was met with from the 
reasons just discussed ; but if there had been five or Bi:^ trams 
the experience would have been similar to that of the Short 
Company and others in America. At the present moment 
there aeema to be no probability of series traction competing 
with parallel. 



Some stress has been laid on constant current trans- 
mission because the system presents such favourable 
conditions for the conductor. Since the current ia only 
filed by the limits of pressure deemed advisable for the 
given work, it follows that in cases where the distances are 
considerable a current of few amperes can be chosen, and 
the copper wire be as small aa mechanical considerations will 
permit. And further, assuming the governors to work properly, 
two or more motors far apart from each other may be run in 
aeries without variations of load affecting the speed of eitb 
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through changes in the fall of pressure in the line. The coa- 
stancj dF loas in the line, i,„^ U, whilat advetntugeoua as regarde 
speed regulation, is objectionable from economic conBidera- 
tions, for the same quantity of energy is lost under all 
conditions of load. With parallel working, the line lose is 
roughly proportional to the load ; but the speed of the 
motors falls off as the load increases, owing to the loss or 
drop of pressure. Some means of compensating for this drop 
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Ym. 55. 
Curve 1 is ihe iuternal charattm-iatie of a serieB ilyiiomo running at 
s. constant speed. Curve Z id the internal tharai^teristic of a scriea 
tnutur designed to be driven bf tbe dynauia Curve 3 represents 
geometritany the gummation of the reaiatanceg of djnamo, motor, tmd 
cables. Nute that with aeries mEichines the Eeld and main currents are 
theiame. 

ia necessary. The usual methods are referred to in g 26, 
p, 143. A compromise between these two systems is found in 
a particular case of the series system in which high pressure, 
email current, light conductor, line loss proportionate to load, 
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Knd good speed regulntion, can be obtained ; but it is only 
ftpplioable to one djuamo and one motor. The uecea8at7 
conditions are : — 

Both machines must be seriee wound and designed for the 
same maximum current ; the dynamo must be run at a con- 
stant speed ; and the characteristics of the two niachines must 
be such that the difference in pressure between the total 
E.M.F., Ej, of the dynamo and the counter E.M.F. of the 
motor, E„ (at least on the working part of the curTe), is always 
equal to the pressure lost over the entire circuit, viz., line and 
internal resistance of the two machines. The idea will be 
readily grasped on reference to Fig. 56, iu which the top 
curve connects the total dynamo pressure with the current, 
and the dotted curve shows the motor counter-pressure for cor- 
responding values of the same current. The difference between 
the heights of the ordtnates is suggested by the dotted line 
at an angle to the absciaaw, the slope of which is proportionalH 
to the total resistance of the circuit. ^| 



It is not easy to fulfil exactly the conditions necessary tSfl 
give a perfectly constant speed through a long range of the 
curve ; but there is no difficulty in a close approximation 
through, say, a current variation of about 60 per cent., and 
this is really all that is required in most cases, and no attempt 
is made to get a better regulation. When the load is taken off 
the motor the speed will increase by perhaps 15 per cent., but 
this is of little importance iu general work. ^B 

Fortunately, many power problems are capable of solutifljB 
by this method, and no doubt its simplicity has done mnch" 
to commend the use of electrical transmission of power. 
Further reference is made to it iu the chapter describing 
actual plants, iu which some figures taken from practice illufr 
trate the usual limits of speed regulation. ^H 

g 24. PARALLEL WORKING. " 

The term "parallel" is applicable to a number of systems 
of distribution, in all of which the current is divided into 
branch circuits, and the power is supplied to the distributing, m 
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mains at approximately oonetant pressure. The oonductiDg 
circuit may be complex, and as it will be necessary to make 
frequent reference to its variouB parts, it will simplify matters 
to define the terms used. 

The feeding mains, or simply the feeders, are the large con- 
ductors which carry (high or low presBure) current to a central 
point of distribution, or to the nearest motor, in a aimpla 
parallel case. They may be long or short, according to circum- 
stances, but since their function is that of carriers only, they 
relate to the transmission part of the problem, and are distinct 
from the distributing network of mains. Feeders, therefore, 
are never tapped by branch connections. 



The distributing mains, or briefly the dhtrihutors, are 
designed to carry the current from a centre of distribution, i.e., 
the end of a feeder, to the service mains which supply each 
consumer. They vary in section and length according to the 
area to be served, and may form simple radial lines from the 
distributing station, or in some cases a complicated network 
looped at the extremities hy ring maius. Distributors may 
bo tapped at any point to supply current to consumers. 



The Service mi 
a motor or bank of motors (( 



the pairs of conductors connecting 
lamps) to a distributor. 



The parallel systei 



uitabJe for power work are i— 



(a) Simple parallel, reverse parallel. 

(6) Feeder system. 

(c) Three-wire system. 

(d) Multiple-wire feeder system with regulators. 



Inspecting Figs. 57 to 64,* which illustrate diagrammatically 
the several arrangements, it will be seen that the condition of 
constant pressure between the distributors is common to all, 
and that since the energy at any point is equal to the product 
e V„u it follows that variations of load have to be made by 
changing the current of the particular motor (or lamps). 
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Tbia is exactly the converHe of the Geries ayatem of supply. 
The immediate effect of the variable current is to cause the loas 
iu the mains (feeders aud distributors) to vary with the load. 
This is an advantage, since the line loss is then roughly 
proportionate to the useful effect ; but it also causes the pres- 
sure at different parts of the line to vary inversely as the load, 
which is exactly the opposite of what is required. 



The line loss is expressed in watts by :- 
tSE + ii^Ei + ij'Ri ... 4 



= K„, 



where t, i^, i^ • ■ • I'n are the several currents in different 
parts of the circuit, of which the respective resistances i 
R, Rj, Rg . . . Rn, And the fall of pressure in volts 
several sections is given by t R, i, R,, i^ B-^ . . . !„ K^. 




Incandescent Lamps 



Fig. 57. 
1 Series uii H%h-Pr«Bure Motor Circuit. 



k atth 



The aim, then, in a parallel system is U 
the drop in the feeders, and to keep the pressure constant a 
the centre of distribution. There will remain a slight fall of 
pressure uncompensated for between this centre and the points 
of supply, i.e., the motor terminals. But this is practically 
unavoidable, and in most cases can be msde so small as to give 
no trouble if sufficient copper be put into the service mains ; 
for then the product i II becomes so small, even at full load, 
as to be insignificant. The weak point in simple parallel 
working is that the pressure is limited by the voltage of the 
smallest raotor, or that of the lamps run in parallel with 
the motors. In lighting circuits, where incandescent lamps 
requiring about 100 volts are mainly used, the pressure at the 
centre of distribution is necessarily about 100 volts, although 
at the station it must be higher by an amount determined by 
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the reeistanee of the conductora. In power circuits where 
lighting is of secoDdary importance the pressure on the distri- 
butors may be, say, from 300 to 500 volts ; and lamps may be 
coupled in series to make lip the required Toltage, Thus three 
incandescent lamps of 100 volts eacb may be coupled in series 
across a pair of mains iiaving a pressure between them of 300 
volts ; and, similarly, five 100-volt lamps may be placed across 
a 500-volt circuit (see Fig. 57). 

Raising the pressure of distribution permits a reduction in 
the weight of the copper, but at the same time introduces 
complications which require careful attention. 

In the first place, consider a constant length of conductor, 
'mith constant power at supply station, and let the pressure of 
supply be varied. Aa before ; — 

a = area of conductor. 

R = resistance of couductor = - /:, where 

conductor and k is & constant. 
e= pressure of distribution. 

Then we have 
t' R = lino loss ; - = the current density. 
*R = drop of prenBure in volts. 
ei" the power transmitted = a. constant. 



I = the length of 



that the pressure is doubled, so that it may be 
2 e, then the current will be -, since the power 
be the same as before. 



The line loss will now be ^tyR=^l^, i.e., only one-fourth 
as great ; and the drop of pressure will be - R, or one-half. 
The seetiou of the conductor may, therefore, be safely reduced. 

There are two cases of importance in practice. 
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Firstly, nliea it is esHential to keep the line lost, t* R, constant. 
la this case the new conductor need have only one-fourth of 
the area of the old one, but will have four times the reaiBtaoce; 
for the line loss will be f - J 4 R = i^ R, the same as before ; 

and the line drop will be - 4 R = 3 i R, or the same pfTxenlage 

drop as before, which is equivalent to saying that the line low 
rernaim eomtant taken the percentage of the line drop is kfpt the 
same for variation) of tupply pressure. It must be noticed that 
the current density has been doubled, for it is now equal to 



Secondly, when it is necessary to keep the line drop, 
i R, constant. This can be accomplished by using a 
conductor of half the area and twice the resistance, for 

then the drop = - 3R = jR. And the line loss will be 

(-J2R=^— , or only one-half as great as before. The 

economic current ratio, -, 18 constant, for both current and 

area of conductors are halved. Or, generally, when the line 
drop is iept constant for variations of mppli/ pressure, the 
carrent density is also constant. 

The latter of these two cases is, perhaps, the more important 
with respect to the feeders, for in relation to them th& 
economic current density is the chief consideration. And the 
ratio - should have the same value in both long and short 

feeders, the drop of pressure in each being compensated for at 
the supply station, Strictly speaking, on the score of economy, 
the same considerations should determine the gauges of the 
distributors, but frequently the fall of pressure will bo the 
only criterion, and then the conditions suggested in the first 
case will obtain, viz., a constant percentage of drop. 

If the current density, -, be settled, as it should be, in 
accordance with the economic law, the current varies as the 



DBUP OF PBHSaUBE. 



12T 



tCKa of tbe conductor, and the drop, i K, is simply proportioDal 
to the length of the conductor, For each pressure of supply 
and current density, then, there will be a definite distance 
through which the power can be transmitted for a given drop. 
This distance includes the feeders, the distributors, aud the 
service mains, if the drop be measured from the dynamo to 
the motor terminals; but in most cases it will be convenient 
to consider the three drops separately. 

The fall of pressure for any section may be determined ia 
the following manner if the current density, -, be fiied : — 



iR = l-L 



(23) 



And if I be expressed in yards and a in square inches (the moat 
convenient and practical units for these calculations), then £' 
will be the numerical value of the resistance of one yard of 
opper of one square inch in cross section, and will be approsi- 
mately equal to - — for ordinary commercial samples. There- 
fore 



(24) 



From this equation, if we know the drop, we can find the- 
possible length of conductor ; and if ^ be given, then tbe 
corresponding drop can be estimated. 



It will sometimes be more convenient to estimate the drojv 
in terras of the length of the section (measured along the 
conductors) rather than in terms of the length of conductor. 
To do this it is only necessary to put ( equal to the length of 
the section, and multiply the right hand member by 2 ; thus 



t"Il = 2i i. — ' 



(25) 



If iR = l, then l^ will give the number of yards per volt 
drop for the partioular value of the economic ratio ~. 
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The following table shows the relation between drop 
diatanoe for various preBSurea and current dennities : — 



Table I 


—Two Wire Maim. Drop of 1 per 


««(. ^ 


Currenl denaity 
in nuipere- 


Di-tanee in yarrt* from the power MRtio 


n for « drop 


I'f I per ceac at the foUuwtug pressure 


of supply. 


100 T. 


200 V. 


500 V. 


1,000 V. 


1,000 


19-5 


39-0 


97-5 


195-0 


^B_ 9D0 


21-75 


43-5 


108-75 


21B-0 


■L 800 


24-6 


ag-O 


12BS 


245-0 


^^B 


27-75 


SS-S 


138-75 


278-0 


^H 600 




65-0 


1625 


326-0 


■ 500 


390 


7B-0 


175-0 


590-0 


a 


49-0 


98-0 


245-0 


490-0 


300 


65-25 


130-5 


516-0 


653-0 



^^ 



B drop of n per csat-i i 



it the given presBure ai 



In the above table the percentage of drop in the line and 
the current density are kept constant for pressure variations, 
both current and area of the copper -varying inversely as the 
pressure of supply. The line loss, ('„* R, will remain constant 
under these conditions. 



It is thus sufficiently clear that a parallel system requires 
conductors of larger eection than is necessary for a series 
one; and a compromise iuvolving a series transmission and a 
parallel distribution is at once si 



Let u 



the 



s methods a little 



a detail. 






The simple parallel system is shown in Fig. 58. In this the 
whole of the current necessary for motors !>, c, and d has to 
traverse the two conductors included in the section of the line 
a h, and that required for motors c and d has to pass througb 
section 6 c, while erf only carries the current for motor d, Now, 
the areas of the conductors iti tlie several sections of the line 
will be suited to the maximum, or more probably the average, 
current required to pass through them. There will, therefore, be 
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a different pressure of supply at each of the points b, c, and d. 
This in itself would not matter if the actual values remained 
constant, but since the pressure of the line varies inversely 
as the current, it follows that the pressure will be lowest 
when the three motors are each absorbing their greatest 
current, and that it will vary at the several points of 
supply according to the current at each. Now, the speed 
of a motor is proportional to tkf pressure of mpply for 
given currents, and therefore the speed will decrease as the 
load inoreaaes, from this cause, as well as from the drop over 
the internal resistance of the motor, which is necessariljr 
greater with large than with small loads. 



This difficulty is enhanced if the distance from the dynamo 
to the first motor, from tlience to the second motor, and from 
thence to the third motor, &c., be considerable. Indeed, in thi»' 



Fio. 58.— Simjile Parallel Sjstfim. 

case a liniit is very soon reached where the system t 
breaks down from the difficulties of regulation already re- 
ferred to, and from the cost of the copper required to keep 
the line drop aud loss within practicable bounds. To fix ideas, 
suppose the maximum current to be carried in the feeders 
ab to be 100 amperes, and the current density in them to be 
selected such that one square inch of area of cross section 
of copper is allowed to every 500 amperes. Then, since the 
es, the area of the conducting 



n current is 100 

.„ , 100 
e will be — . X 
500 



sq. 1 



The resistance of this wire is 

' assume th* feeders a 6 to be 
for a transmission of power 



0'22 of an ohm per mile, and if w 

one mile — a very fair assumptioi 

problem — the fall in pressure from the dynamo to motor h will 

be 100 X 0-44 = 4i volts. Now, if the pressure at h be 100 

volts, it is clear that that at the dynamo must be 144, and the 



\ 
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line efSciencj, asBuming all tbe power to be absorbed at point 6, 

isonlj ;..-',. or 70 per cent, It ia needlesa to say that a loss in 

the line of 30 per cent, is prohibitive in moBt caeea. If the points 
c and d bj severally far removed from h and from each other the 
line loBB ii still further increased, and ultimately may become 
so large aa to absorb the greater part of the total power. 

The apparent remedy is to raise the pressure. Let it be 
doubled (say, 200 volta), and the current consequently halved 
(50 amperes), and let the same section of conductor be used. 
The current being halved, the line loss will be oue quarter aa 
great, the fall of pressure will be halved, and the line 
efficiepcy becomes j-— or 91 per oeat. at the point b, and ia 
correspondingly raised at pointa c and d. Bat the current 



System, ^^^^H 



Fig. 59,— Reverse Parallal System, 

n the conductors will be at the rate of only 250 amperea 
to the square inch, for the current is now only 50 amperes. 
This implies an extremely costly conductor for the current. 
Practically, a current density of from 500 to 800 amperes 
will usually be found to be about correat. 

If it be required to causa the pressure at different parts of the 
-circuit to vary approximately equally, the arrangement ahowu 
in Fig. 5D, which is sometimes useful in lighting circuits, may 
be adopted ; but the weight of copper in one of the feeders is 
evidently increased, and if the distance a i be at all consider- 
able compared with be and cd, the variation of pressure in tbe 
feedera may atill be so great as to practically outweigh the 
better regulation gained over the distributors by the looped 
wire. The scheme at best is but an approximation, and only 
likely to be used in cases where the motors are not grouped 
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but lie conveniently in a line. In practice, they are much 
more likely to lie in a group, and some point fairly equidistant 
from the majority of them wilt be selected as the centre of 
dietribution. The pressure there will be maintained as nearly 
constant as possible ; and each motor or group of motors will 
be run on separate distributors, the areas of which will be bo 
calculated with reference to their length and to the maximum 
or average current, that the maximum or average fall of 
pressure will be fixed between reasonable limits. 

This brings us to the feeder system (6) shown in B'ig. 60- 
As before, D represents the dynamo, and a the power station 
if there be a number of dynamos in parallel; a& represents the 
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transmission mains or feeders, b the centre of distribution and 
the point at which the pressure is to be maintained constant ; 
and c, d, e,/ and ^ severally represent motors at the ends of 
distributors be, bd, 6 f , bf, and hg. Let the pressure of dis- 
tribution be fixed at 300 volts at sub-station h, and let the 
feeder efficiency at full load be 90 per cent., a drop of, say, 30 
volta being permitted along at. The pressure at the power 
station will be 330 volts at full load, and will fall as the load 
is decreased until the smallest output is reached, when the 
preBsiu'ea at the station a and the distributing centre h will be 
approximately the same. The fall of pressure in each of the 
distributors may be regulated according to the class of work 
and regularity of speed required — an average drop of about 



five per cent, will uauallj be permissible for power work. 
The efficiency of the entire tine will be, say, 86 per cent. 
under tbese acisumptionH ; but it must be remembered that the 
conditions selected are entirely arbitrftry, and the economic 
limitations discussed in Chapter JIT. have not been taken into- 
consideration in any way whatever. 

The next practical point bears on tbe limiting distances 
through which power can be efficiently transmitted. The two- 
wire feeder and distributor eystem {Fig. 60) has already been 
examined, and it is clear that the distance of transmission ia 
practically fixed by the station pressure. Now, the pressure 
of the distributors cannot be greater than that permitted by 
the conditions of supply to the consumers — 500 volts will 
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probably be the maximum. But there ia no restriction to- 
the pressure between the feeders, other than that of con- 
venience. The (/irep-wire feeder system, shown in ita simplest 
form in Fig. 61, meets this difficulty to some extent, for by ita 
use the feeder-pressure may be doubled without raising that of 
the distributors. In this, easeatialiy, two dynamos are coupled 
in aeries across the feeders, each giving, say, 500 volts and 50 
amperes, and thus making a line pressure of 1,000 volts. 

At the end of the feeders two suitable motors are also coupled 
in series, and a third wire is coupled to the junction of the 
dynamos and also of the motors as is indicated in the diagram. 
The path of the current, when the motors are equally loaded, 
is shown by the arrow heads, and it is seen to be entirety con- 
fined to the machines and the two outer conductors, the middle 
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or third wire carrying oo current. But if one motor abaorba 
more current than the other, tha diiFerence between the two 
currents will pass through the middle wire. Let t, be the cur- 
rent in the circuit D, M, ; i^ that in the circuit Dg M^ ; and j, 
that in the middle wire. Now when ij = ij, then ij — ; andaleo 
when r,>ij, then 11-12 = 13. When i^ is zero, t.e., when Mj 
is not running, then V, = i^, and the middle wire has to 
carry the whole current in the circuit Dj M^. In this case 
it Ib not advisable to make the middle wire of less section 
than the outer owes ; but if M, and M^ each represent a 
group of motors, it is reaeonable to assume that full load 
on one circuit and no load on the other will be unlikely to 
occur at the same time, and, therefore, the middle wire will 
have to carry only the difference between the two currents. 
In practice, with a load of lamps, it ia found to be sufQuient 
if the area of the middle wire be half that of one of the outer 
wires. And it should be recollected that if the distributing 
centre be a large one it wili be provided with suitable awitching 
arraogementa for tranaferring part of the load on the distribu- 
tors from one circuit to the other, as may be aeceasary to 
secure a proper balance, and to keep the current in the middle 
wire aa small as possible. 



Assuming the load to be so arranged that it will be 
generally divided nearly equally between the two circuits, it 
will be safe to follow the practice usual in lighting and to 
make the middle wire of one-balf the area of the outer 
ones. This will permit a sufficiently wide difference of load 
in the two circuits to meet the requirements of practice. 
Now it is seen that for the same output from the power 
station the three- wire system requires twice the pressure 
and half the current necessary in the simple parallel systems 
shown in Figs. 58 to GO. And, if the same gauge of wire 
be nsed in the outer mains, the weight of copper in the 
three feeders will be 25 per cent, greater than that in the 
two, being in the ratio of 5:4. But since the middle wire 
is nominally idle, and the outer feeders carry a current 
which is equal to only half of that in the two-wire mains, 
it ia clear that the power lost with the three wires will be 
only one-quarter of that with the two wires, and that the fall 



ELECTRIC MOTIVE POWER. 

of preaflure will be only half aa great. For eq\Ml conaactm-s 
and the same drop of preaaure, the three-wire may be there- 
fore twice as long as the two-wire system ; and for equal line 
loss or feeder efficiency and the same percentage of drop, four 
times as long. And if the relative weight of copper for eqval 
lenglki and line drop be considered, since the area of each 
outside conductor ia one-half, and of the middle conductor odg- 
fourth, of the area of either conductor in the two-wire system, 
the ratio of total weights will be as 5:8, sbowiDg a net 
saving ot 37J per cent, in favour of the three-wire system. 




■e Systei 



This system is evidently capable of extension. For if four 
wires be used and coupled to three dynamos and three motors, 
the preaaura may be 1,500 volta over the outer feeders and the 
current only 33-3 amperes ; and if the outer mains have the 
same section as before, the distance through which the power 
may be transmitted with the same drop is again increased by 
50 per cent., or is three times as great as that with the parallel 
ayatem. And the weights of copper for equal lengths and line 
drop are as 5 : 1 2, when compared with the two-wire system. At 
Manchester a five-wire system has been erected for lighting, to 
the specifications of Dr. J. Hopkioson. The outer mains are 
at 420 volts, approximately, and between each pair there is a 
presaure of 105 volts. 
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The three-wire ayatem is applicable to the diBtributora as 
well as to the feeders, and is an important means of limiting 
the fall of prejaure id the tiistributing network (see Fig. 62, 
which represents the disposition of feeders, distributora, and 
motora). It is apparent, however, that the three-wire feeder 
system, as well as the two-wire, ultimate); reaches a limit 
beyond which it does not pay to transmit power ; for though 
the pressure may be raised almost indefinitely as regards the 
feeders, it is not so with the distributors — 500 volts being 
probably a maximum for the supply eervice even in power 
work. 



rO] 




Fin. 65.— Feeder System with Regulator. 

A convenient combiaation of the feeder and multiple-wire 
systems consists of a pair of high-pressure feeders coupled to 
a regulator, which may be a motor having as many armatures 
as there are sub-circuits, and feeding each pair of distributors 
at the desired pressure. The general idea is represented in 
Fig. 63. In this diagram the armatures are sketched as if 
they were independent of each other. But in practice they 
are rigidly coupled or built on one abaft, and essentially 
run in magnetic Gelds of the same strength and direction 
or in a common field. The armatures are of identical con- 
struction, and their internal resistance is made as low as 
possible. The field excitation is preferably supplied from an 
independent source, such as accumulators, which may be 
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charged in parallel across one of the aub-circuita At suitable 
times. Normally, when the load is equally divided between 
the aub-circuita, the four armatures absorb just sufficient 
current to overcome friction. But when one of the circuits 
takes more current than the others the armature in shunt 
to it will tend to lag. And the armatures in parallel with 
the other circuits will resist this alteration, and being coupled 
to the lagging armature will spend power in keeping the 
speed constant. Thus the lagging armature will be driven as 
a generator and supply the increase of current to its circuit, 
and the necessary power for the increase of torque will be 
supplied from the generating station. The degree of regu- 
lation attainable with this device depends on the internal 
resistance of the armatures ; and it can only be efficient when. 






Fio. b\. — Feeder Sjstem with Accumulatora. 

the pressure lost over the armatures is negligible. The regu- 
lator principle is capable of considerable modification, and is 
Jikely to be used, in various forms, for lighting ia oafies where 
the feeders are of great length. 

Secondary batteries have already been used with undoubtecf 
success in connection with feeder systems with sub-stationa, 
by Mr. Crompton and others. The method is illustrated in 
Fig. 64. It will be apparent that the secondary battery acts 
as an accumulator as well as a regulator, and can he arranged 
to store up, during periods of light load, energy which will be 
available for temporary outputs exceeding the rated engine 
and dynamo power. In many oases also the accumulutora 
can deal with the small loads during parts of the early morn- 
ing, and the steam plant may be shut down for that period. 
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It IB probable that secoudarj batteriea will be found profit- 
able for simple power work in some caGea ; and for combined 
light and power they certainly are always worth aerioua con- 
■eideration. The author believes strongly in the future of the 
storage battery, and insists upon its importance in all direct 
current installations when the output is intermittent, or the 
load factor aniall. 



§25. CONTINUOUS CUBRENT TRANSFORMERS 
OR DYNAMOTORS. 

The continuous current tranatormer, motor generator, or 
dynamotot (Fig, 65, p. 138} presents aonie points of interest 
for long'diatance transmisaions ; for, when used in parallel, 
-each dyuamotor forma an independent sub-atation. 

The principle of the dynamotor has already been mentioned 
when considering regulators. The essential difference between 
the two machines is, that in the dynamotor the primary and 
-secondary circuits are sepai-ate, whereas in the regulator they 
are connected. In its simplest form the dynamotor consists of 
A motor coupled to a dynamo, the motor being connected to the 
primary circuit, usually a high -press lire one, and the dynamo 
feeding the secondary circuit with a low-pressure current. Ot 
various feasible arrangements the most common consists of 
two armatures mounted on one shaft and run in common field 
magneta excited in shunt from the low-pressure secondary 
mains. The magnets have a few aeries turns which are tem- 
porarily coupled to the primary circuit at starting. Or, the 
motor and dynamo windings may be placed on the same 
armature, and the commutators arranged one at each end, 
the field magnet details being as before (see Fig. 65, p, 138). 
These machines are adapted for parallel working, and have been 
naed by the Electric Construction Company at the Crystal 
Palace and Oxford Central Stations and elsewhere. They are 
placed at the distributor end of high-pressure feeders, and 
feed the distributing network with current at a pressure of 
about 100 volts. Each dynamotor forms a anb-atation. The 
general arrangement is illustrated in Fig, 06. It will be seen 
that the transformers teed into different parts of a network of 
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distributing mains. The proportion of the total current given 
out by any one transformer dependa simply upon its pressure, 
and ainoe voltmeter wires are taken from each point to the 
central station it is easy to alter the presaure of the feeders, 
and conseq^uently that of the distributors. By this simple means 
the load can be divided as desired between the dynamotor.% the 
number of which in use at any time can also be reaiiljy controlled. 
Thus Bupposing it is necessary to start a fresh dynamotor at, say, 




F[G. E6.- Dynamotor Parallel SuL-Statii'ii Sj. 



Bub-station />j, the Sold of the machine is first eicited, then the 
armature is started and the pressure adjusted approximately 
to that between the distributors to which it is to be coupled. 
The circuit between the dynamotor and the distributors is 
next olosed, and finally the pressure is raised at the station 
end of the feeder until the dynamotor has its proper share of 
the load as gauged by the feeder current. A dynamotor is 
removed from the circuit in a similar way, the feeder pressure 
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'being lowered until the feeder ammeter shows only the esciting 
End friction current; the distributor circuit can then be opened 
without sparking or disturbing the pressure of the distributing 
network. The whole of the necessary switching and regulating 
Uu be done from the power station. 

It may, however, fairly be questioned whether parallel 
^ynamotors present any real advantages for power work, or 
InstallatiouB in which power work is of more importance 
than lighting. For it is evident that the feeders can be 
brought close to the motors in most cases by means of one of 
the multiple-wire and feeder systems already described. Yet 
the author has found dynamotors to be of use as a detail iu 
certain cases, especially where the pressure of the main distri- 
butors (500 volts) is too high for the small motors, or where 
from any other cause it is deemed to be unsafe to carry the 
high-pressure mains into certain parts of the area of supply. 
A dynamotor may then be driven off a pair of distributors 
to deliver power at a suitable pressure, as at the Greenside 
Lead Mines. The author drew attention to this field for 
continuous-current transformers as far back as 18S9, and 
he has already installed several for running rock drills, and 
also for working electric locomotives inside mines with bare 
overhead conductors. Dynamotors with the primary circuits 
in series and fed with a constant current are not, in the 
author's opinion, likely to prove of much use in practice; for 
the arrangement requires the secondary circuits also to be in 
Beriea, and governors would probably be required to control the 
field excitation. But there are a few cases, perhaps, where 
aeries dynamotors might prove commercially profitable. The 
general scheme for series coupling is illustrated in Fig. 67, 
which is sufficiently explanatory to show the chief features. 
It will be seen that the system has all the drawbacks of a 
■imple series transmission, and although some economy may 
be obtained in the weight of the conductors, yet, since the 
loss in both primarj' and secondary conductors is necessarily 
constant and independent of the useful load, the system can- 
not be economical unless the load factor is very high. The 
difficulties attending its use are further increased by the 
fai;t that the dynamotors are necessarily designed for the 
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maximum power of the motors, while the average output ia 
not likely, except iu special cases, to exceed, say, 50 per cent, 
of this. 

If it were possible to run the pnmary circuits in series at 
constant current, and to feed the various secondary circuits at 
constant pressure, dynamotors would combine the advantages 
■of the series ay stem as regards the transmission mains and that 
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-of the parallel as regards proportionality of line loss to load in 
the distributing circuits. But the solution is too complicated 
for practical consideration. And, moreover, the author is 
strongly of opinion that, assuming such a scheme to be 
practicable, it would not be so economical, all things being 
considered, as a two-wire feeder and multiple-wire distributor 
system, with or without regulators, unless the load factor 
were very high — a rare thing indeed, even in power work. 



§ 23. COMPENSATING FOR FALL OF PRESSUKE 
ON FEEDERS AND MAINS. 

In the preceding descriptioa of ooatiuuous current systems 
of transmitting power, it has been assumed that the pressure 
at the distributing centre — ^the sub-station or aub-statious — 
can be maintained practically constant. This is BTidently a 
neoeasary condition of satisfactory distribution either of power 
or light. In order to secure it the pressure of supply at the 
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Rising Chan 



io for Compensating for Fall of Prasaure in Feed 



power station must vary in some definite ratio to the output. 
(It has already been shown that the rise of station pressure ia 
simply proportional to the resistance of the transmission feeders 
and to the current in them.) The easiest way of accomplishing 
this end in a small installation with one dynamo is to over- 
compound the dynamo so that it gives a rising characteristic. 
See Fig. 68, where ab shows the characteristic for constant 
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pressure, and ae that required to compensate for the loss in 
the feeders. The number of Tolt^ lost orer the feeder reeistMit'e 
ifl given by the heights of the ordinatea between a e and aft;', 

being the pressure at the sub-station, and f j that at the pdver 
\ station. 

I Shunt excitation is only practicable with moderate pressures, 
and, speaking broadly, is not advisable with terminal pressures 
of more than about 350 volts, although the author baa found 
it convenient to run compound dynamos at even 600 volts. In 
such cases it is necessary to subdivide the shunt winding as 
much as possible, and to use extra precautions in insuIatiDg 
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if of BimiUr design, fail to give characteriatics of eiaotlj the 
«ame slope, it follows that the output may not be properly 
ill Tided between tbem. 

To obviate these difficulties central station dynai 
generally separately excited by small dynamos speciall; 
arranged for the work. The plan which is the most flexible 
and allows most scope for regulation of load and pressure is to 
excite all the dynamos in parallel through separate variable 
reaiBtanoes tor each set of field coils, as represented in Fig. 70. 
By these means the pressure of any dynamo can be Taried, and 
its output altered, at will. 




Fig, to. 
Tin. 70. — DiBgnim showing three separately eieitacl djnamoa coupled in 
paraTel anS supplying current to one pair of feedwa. D,, Dj, Da. dj-namoa. 
F.M.], F,M.a F.M.3, Field Magnets. E, Exciting dynamo. Ri', Rj, Rs, R«SU- 
laticg regietaiices in series with tleld magneta. A,, Ag, A3, Ammeters for 
reading current given out by each dynamo. Vj, Voltmeter for reading tlie 
aeparate pressure of the dynamos. V;, Voltmeter for reading pressure at 

If the load varies slowly the regulation for fall of pressure 
on the feeders can be adjusted by haud, as occasion requires, 
by simply altering the reaistanoes. But if the work necessitates 
rapid fluctuations of load, and consequent changes of pressure, 
then a few series turns may be wound round each of the 
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field maguets and the main current of the particular dynamo ■ 
oauaed to pass through it. By this simple means the presaure 
cau be regulated sufficiently well for most purposes. 

Another method rapidly coming into favour involves the use 
of a series dynamo, both the field and armature of which are 
placed in series with the feeder whose presaure is to he regulated,, 
the dynamo being driven at a constant speed. Since a series 
dynamo running at uniform speed gives a pressure proportionate 
to the current, it follows that when it is to be used as a regu- 
lator it must be designed so that with the minimum current in 
the feeder (and consequently through its windings) it will 
generate pressure just sufficient to drive the current. Then as 
the feeder current increases it must give a terminal pressure 
equal to the drop due to the feeder resistance. These conditions 
require a straight line characteristic, and therefore the weight- 
output efficiency is small. Machines used for regulating may 
be placed either at the dynamo station or at the distributing 
end of the feeder ; and they are frequently driven by ahunt- 
vround motors. 

Mr. W. B. Sayers' self-exciting dynamos are specially suited 
for this purpose, as in them the field excitation is provided by 
the armature reactions; and the difficulty of controlling sparking 
with the weak field is entirely obviated by the use of commu- 
tator coils. One of these regulators is in use at the Bradford 
Station Hotel, and is found to compensate for the drop in the 
mains with great exactitude. The relation between the current 
and the terminal pressure of the regulator, in this case, is 
shown in Fig. 71, p- 14C, which is taken from a Paper by 
Mr. W. B. Sayers, entitled " The Prevention and Control of 
Sparking and Self Exciting Dynamos."* 

It will be observed that at 10 amperes the presaure is about 
O'i volt, which is just sufficient to drive this current through 
the armature coils. And at the maximum load of 350 amperes 
the regulator adds 13 volts to the pressure of the mains. 

A modiBoation of this idea has been euccesafully applied to 
I a three-wire system. In the ease in point two armatures are 
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coupled on the aame shaft and fitted with separate keepers or 
fields, the current in one of each of the outer mama passing 
through one of the armatures, and that in the middle conductor 
through a few turns of wire wound around the keepers. By 
this means the pressure between the middle conductor and each 
of the outer mains is kept practically constant. An objection 
to the dynamotor regulator is the initial coat, which will be 
sufficient in many cases to prohibit its use. 

Automatic regulators, depending on variations of pres- 
sure or current, have been tried from time to time, but 
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their use has not been attended with much success, and in 
moat of the present central lighting stations hand regulation 
is found to be preferable. The objection to mechanical devices 
which depend on minute changes of pressure or current to 
work them is the delicate construction of the mechaniam. 
Since they work by reason of the very error which they are 
designed to correct it is obvious that makers will arrange things 
|K) that the smallest possible variation will cause a maximum 
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•effect on the moTing parts, which are necessarily light and 
delicate. From Yeiy slight causes, such as dust, thickening of 
oil in bearings, ^, a large increase of power may be required to 
move the governor, and the pressure or current may vary by a 
dangerous quantity before it comes into action. The author 
is in favour of separately excited dynamos with hand regulation 
:for most transmission of power cases ; and of compensating 
series excitation by the main current when the load variation 
is too irregular for hand adjustment. Motor regulators will 
:^enerally be found to be unnecessary and too costly for trans- 
mission of power plants. 




SIKGLE-PHASE ALT^ESATOJS A5D ALTZEXATE 
CUBBSST MOTORS. 
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§ 27. GENERAL FEATURES ; CLASSIFICATIOS OF TYPES 

OF MACHINES. 
Ik Cbapter IT. the genera! principles of djuamo design were 
discusaed with special reference to continuous currents, bec4uaa 
these are at present in more general use for poirer transmisuon 
than alternate currents. The reasons for this preference are 
made clear in the sequel, and practical deductions drawn from 
experience are used to suggest the probable systems of the 
future. Now, it is necessary to examine the alternator, both 
as a dynamo and as a motor. This chapter is confined to the 
consideration of single current machines, because these hftve 
already established a justly wide reputation for lijthting, 
and also for certain cases of power transmission, while the 
multiple current systems are not so well known, although 
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a continuous 

else by a redressed current. 

of coils, with or without i 



they possess many features that render them especially suitable 
for the disti'ibEttion of power. 

Aq alternator may be defined &s a machine giving periodic 
electric currents which are reversed in direction many times 
per second, the number of complete changes per second being 
called the frequency of the cun'ent. Most types of the 
modern alternator have a series of salient pole pieces arranged 
symmetrically around the asis of the shaft and excited by 
I from an independent source, or 
The armatures have also a series 
a cores, the number of which ia 
either equal to, half aa great, or twice aa great, as that of the 
pairs of field poles. The current induced in them ia uf course 
alternating in direction, with a period depending simply on the 
number of pairs of poles (i.e., pairs of N and S poles) in the 
field coils and the number of revolutions per second. Thus 
the frequency, usually expressed by the symbol "X" , is equal 
to j> -^, where p ia the number of pairs of field poles and n is 

the number of revolutions per miuute. This cyclic change in 
the armature currents is produced by causing the magnetic in- 
duction through the coils either to alternate rapidly in direction, 
or else alternately to increase and decrease in density, These 
distinctions divide alternators into two clasaea — 

(a) Alternators in which the magnetism changes indirection, 
and consequently pasties through all values of density between 
a positive and a negative maximum ; 

(!>) Alternators in which the magnetism is of constant direc- 
tion, but alternately increases and decreases in density, vary. 
ing between the maximum and a lower limit depending on the 
design, and which is always nearly zero. 

The first cla 
1SG7. 

Frequently the field-magneta consist of two opposing crowns 
of poles of alternate sign, between which the armature coils 
revolve, aa in the old Siemens alternator and the modern 
Ferranti machines; or the cores ore spaced radially around the 



B is the older, having been devised by Wilde ii 
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a ring, fotming the yiAe of the 6eld-n 
wi&tlKfiKaBot the poles pointdng to the axis of the ahAft; and 
ftc "I--*"" eeOs ue Ud fiat on the periphery of & drain- 
iH^Mi eon^ nd k> Ekv the field-polee, as in the WeBtanghooae 
Mirnrrhin iMhi 

b Ae twv oai^lK jnot rafened to tbc itHA-maf^tOx *n 
fHiwiiij, bat is MBw '**iiy« tliqr rerohre inside the aamar 
tme eo^ whicfc «re tten fixed radiailj so as to form xu cntta' 
nqi^ with the ^oa of the coOh apposite to the field-poles. A 



nK. 7S<— n^ Ki^ec r>{ Xoflej Attmmur. 
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^28. MAXIMUM, INSTANTANEOUS, AVERAGE, AND 
EFFECTIVE VALUES OF HARMONIC FUNC- 
TIONS ; RATIO BETWEEN EFFECTIVE AND 
AVERAGE VALUES ; EQUATIONS FOR ELEC- 
TROMOTIVE FORCE ; PITCH OF POLES AND 
COILS; DIAGRAMS OF TYPICAL ALTERNATORS; 
SELF-INDUCTION OF ARMATURE COILS; EQUA- 
TION FOE SELF-INDUCTION. 

It will be apparent that the laws which govern the deter- 
mination of the excitation tor a given magnetic flux in 
continuoua-curreut machines are equally applicable to tJie 
alternate-current designs, it being necessary, however, to modify 
the equation for the total electromotive force of the armature, 
and to arrange suitable current densities in the copper and 
magnetic densities io the iron, These modificatioDa are of 
importance, aud require elucidation. The total armature im- 
pressed electromotive force, Vi,„i,, may be expressed in terms of 
the number of turns, the number of lines of force per pair of 
poles, and the number of revolutions per minute, as in the con- 
-tinuoua-curient machine in equation (6), p. IS. But since 
the pressure is. periodic, and therefore changes in value through 
each cycle, there will be a maximum pressure considerably 
.greater than either the effective or average value. It is evident 
that both the pressure and current have all values between 
zero and a maximum (one positive and one negative) twice iu 
every period, and it is, therefore, necessary to de6ne what is 
understood by the terms alternating .pressure and current. 

In practice we require to know the effective* values, and not 
the maximum or instantaneous values. The readiest means 
of comparing the iffective values of an alternating and direct 
current is afforded by the several heating effects produced in a 
wire of known resistance having no self-induction. When the 
heat caused by the current is the same in either case, then the 
effective pressure of the alternate current is equivalent to the 

n P. Tliuiupeou prefera to use the older term, "virtual" 



Instrumecta which depend on the heat waste, i^ R, are cali- 
brated by continuous currents, the effective valuea of which 
are proportional to the squares of the uniform currents, and 
therefore tbe readings of the instruments are proportional to 
the square root of the mean square of the currents (usually 
written Vniean square). For example, the heat produceil 
by a continuous current of 10 amperes is proportional to 10^, 
and the readings of an ammeter of the dynamometer type 
placed in the circuit are proportional to JlO'. It the same 
instrument were placed in an alternate-current circuit and gave 
the same deflection, the ^meaa square value of the current 
would be as before, 10 ampere^ &nd this is called tbe elective 
strength ot the alternate current. This Vmeau square value 
is independent of the shape of the curve, which, however, 
determines its ratio to tha majtinjura value, 




Fia. 74 —Sine Cur.-e nf Prenaurp or Current. 



If it be assumed tbat the pressure and current are harmonic 
functions of tbe periodic time, the curves of either will be 
Binusoidal, and may be expressed by an equation of the order — 

where y is the instantaneous value of the pressure or current, 
t is the time of one period {it is most conveniently reckoned in 
angular measure), and a is a constant numerically equal to the 
mazimum value of j/, which occurs when 

(=■-, for sin -- =1. 

2 2 

Fig. 74 shows a sine curve of wave length (, Tha ordinates 
y, and yg may represent either values of pressure or current, 
at tbe corresponding instants f^ and t.^. 

The arithmecical mean value of the ordinatea y,, y.„ y,, ic,, 
for the first half of the curve in Fig. 74 is - times that of the 
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maximum ordiaate ; or the average Taliie = 0'637 times the 
maximum value. 



But the total heat generated per second in the wire is a 
numerical measure of half the square of the maximuia ordinate 
of a simple periodic current ; for the meaa of the squares of 
the sine, either for one quadrant or a whole circle, is one-half 
of the square of the maiimum value, or — ^. And therefore 
9 estimation of the heat waste 



= 0707 of the 



value of a 



instruments depending ( 
(i* R) will measure — — 

periodic current or pressure.* And the continuous current which 
will give the same deflection on the instrument, that is, the 
same heating effect, is equal to _-; . times the maximum value 
of the alternate current. 



Therefore, an alternating current, if it follow the «ine law, 
■will cause a heating effect greater than that of a continuous 
current of the same avtraje strength by the ratio of O'TOT to 
0'637, that It, about 1-1 times greater. In these pages when 
an alternate current or pressure is referred to, unless otherwise 
stated, it is assumed that effective values are understood, and 
that pressure measurements are made by hot wire or electro- 
static voltmeters, and currents are read by dynamometers. The 
effectivt value of the total armature electromotive force may be 
written 

V.-iN.C.pJilO-« .... (2C) 



if all the coils are in two 



* For > more complete explanation at the iuteresUng pheu< 
alternate currenta reference should be made to " The Alternate Cur- 
rent Tranaformer, in Theory and Practice," by Dr, J. A. Fleming, F.R.S. 



IM 
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The symbol V, ^^the effective preaaiire in volts, 
p = the number of pairs of poles, 
n = the number of revolutions per minute, 
N, = the magnetic Hm from one pair of polea, 
Ct = 2pu; where jo = thB number of active conductors on 
one side of one coil j or, briefly, Ca<=the number of turns 
counted all round. 

The symbol k requires special espli 



The quantity eapressed by k is a constant for the particular 
arrangement of pole-pieces and armature coils ; it is the ratio 
between the effective and the average pressures. If the pressure 
curve obeys a sine law (it does very nearly in many types of 
alternators), ^' = 1'1, and this value may be taken iu most 
rough approximations. The equations for the electromotive 
forces of alternators, assuming a line law to be followed, may 
be written thus: — 



Two parallels : average total volts = N^C.^ — I0~' 



60 



(28) 



= ^N.C.;>-"-10-s. . (30) 



The numerical value of the constant in equation (32) is 
approximately I'l. In equation (33) for series coupling the 
coefficient must be twice as great as that in equation (32), if 
the same value of C, be retained, and it is therefore equal to 
2 X ri = 2-2. In practice it is found to vary between 2*2 and 



One series: ,, 

Two parallels : niuximi. 
One series: ., 

Two parallels : effectiv 
One series : ,, 



2'3 when the coils a 



3 all i 



SHAPES OF PHESSURE CTTRrES. 

The pitch of the pole-pieoes and the width of the armature 
cores are of great importance in designing alternators, for they 
affect the shape of the pressure curve, and conaequently the 
effective pressure and the output. Four of the more frequent 




Fig. 75.— Diiigmm i.f Typical AlMiuator fc-iviuy a Triangular PreBBUTe 



arrangementa are illustrated in Figs. 75, 76, 77 and 78, which it 
will be necessary to examine carefully before proceeding with the 
calculation of the outjint. In these diagrams the field poles are 




developed horiitontally, and the polarity is indicated by capital 
letters. The winding and bare spaces on the armatures and 
the apertures of the coils are clearly marked. The pitch of the 
field poles is equal to half a wave length, and, therefore, in 
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Figs. 75, 7G and 78, it is equal to the angular width of one pole 
and one apace ; whilst in Fig. 77 {which refers to the Brush 
alternator) it is equal to that of one pole only, for there the 
spaces, strictly speaking, act as if they were poles of opposite 
sign to those hatched in the diagram. It will be noticed in thia 
case that the armature coils are twice as numerous as the pairs 
of field poles. 




Below each figure is the theoretical shape of the pressure 
curve in full lines, determined on the assumption that there- 




is no magnetic leakage between the poles, and, therefore, 
no magnetic fringe at the corners of the pole-pieces. This is 
not the case in practice, and the actual cur\'e will therefore 
be less angular, and approaimate more or leas closely to sine 
curves, as shown in dotted hnea. This is easily seen to he 
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the case with Figs. 75 and 76, and practically it is found 
tbat the design in Fig. 77 gives au almost perfect sine 



In tracing the pressure curve for any arransemeut of pitch 
and angular width of poles and coils the zero points may 
be first determined and marked off on the line a h, which 
shows the angular position ot the coils. Having found these 
points the wave-length is known, and the positions of maximum 
pressure should lie midway between the zero points. If the 
winding spaces are exactly equal to the widlh of the poles, then, 
assuming no magnetic fringe, the intermediate values lie in 
straight lines, joining the maxim m and points as in 

Figs. 75 and 78. The height of tl m mun dmate depends 
on the scale selected, but its n m 11 an be found 
from the known magnetic flux aud hi p d of the coils. 

In these diagrams an arbitrary b gh I b n selected. If 
the coils be in one series, and a simple zigzag curve be aasumed, 
then 

V„„= 4 C.N.;' -^10-3 volts, . . . (34) 

where the maximum pressure is assumed to be twice the aver- 
age pressure. If the winding space be shorter than the polar 
width, then the maximum pressure will be maintained for that 
period of time during which the coil as a whole is passing 
under the pole piece. Thus, if the polar arc be lOin. in 
width and the winding space only Sin., then for the traction of 
time required for the coil to move through the angular dis- 
tance of 10-8 = 2in,, the pressure will have the same 
value, and hence the top of the crest will be flat, as in Fig. 76, 
which refers approximately to the design of the Kapp 
alternator. 

In some designs the coils are made to exceed the poles in 
width by a small percentage, the arrangement being found to 
give a very close approximation to a sine curve. Prof. Elibu 
' h proportions. 



Thomson ia in favour of si 



The Galcher alternator, designed by Mr. \V. B. Esson, also 
embodies this idea, but the armature eoiis are only half as 
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numerous as the field poles, and are equal to the nidtb of 
three and a-halt poles. There is a distance piece between tha 



/ ^— piith.—- - ■> 





FlQ. 80.— DEagram showing Effective Presaure — Sine Curve. 

coils equal to half a pole, the pole being of the same width 
as the space {see Fig. 79), The theoretical curve of pressure is 
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hero shown in full lines, and a sine curve is indicated by dotted 
IiDea. It ia evident that thia arrangement approiimatea very 
cloaelj indeed to the necessary conditions for obtaining a sine 
function. 

The curve of pressure for any arrangement of pole piacea and 
ftrmature coils can be traced approximately, and then it ia easy 




I. 81. — Diagr»m ehnvj n' Effective Presaure — Triangular Curve. 



to determine the effective pressure with sufBcient accuracy for 
practical purposes. Consider the sine curve in Fig. 80. The half 
wave length ia equal to, aaj, OX, and Vm,, equals the masinium 
ordinate. Kow, bearing in mind that the instrnments used 
for measuring alternate currents give readings proportional 
to the ^mean square, ifc is necessary to square the ordinates 
of OVX and plot a new curve on the same baae, and then 
to find the mean ordinate, say Ve^, of the squares. The 
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square root V. will be the effective pressurQ. This can be 
readily found for most symmetrical figures by integration ; but 
many engineers prefer the graphical method, whioh is as 
follows : — Plot the curve to any convenient scale on squared 
paper and divide the base line X into any number of equal 
parts — the more the better. Measure the heights of the 
ordinates at the middle of each and divide the sum of their 
values by the number of parts : the result is the numerical 
Talue of the mean square, Ve^, in the selected units. Next 

V max. 



Fia. 82. — Diagram showing Effective Pressure — Semicircular Curve. 

extract the square root, and then the effective pressure, Ve, 
is known. It will be seen that for a sine curve 



V = 707 V 



max* 



The same operation has been performed in Fig. 81, for the 
triangular pressure curve Vm*x X, and the value of Ve is 
.found to be 0*58 of the maximum pressure ; or 

Ve = 0-58V.„. 

Thus equation (34), which gives the value of the maximum 
pressure with a simple zigzag curve, must be multiplied by 

« 
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0'58 to equal tha effective pressure. Therefore, if the coils 
be in one aerieB, since 

'go 

= 2-S2C,N^p.^^lQ-^ (35) 

And it the coils be coupled in two parallels, then the effective 
preaaure is half as great as the value given by (35). 

In Fig. 82 the same operation has been performed for a 
eemi-circular curve, and it is found that 



The relation between the effective and average values, for 
the more common curves, and the theoretical values of k are 
shown in Table J :— 



Order of 


'"uttha"" 


" ' f Che"^ 
mas. ordiuale. 


'^^^P"'' 


SinB .V 

Semidrole 


0-637 
0'7854 
0-5 
1-0 


0'707 
0-835 

0-se 

10 


1-1 
1065 


Bectangle 


1-0 



The above values will not all be realised in practice, since the 
magnetic fringe will cause the angles to be rounded. The 
slope of the curves will also be largely affected by the pitch 
ratio of the poles and coils. The shape of the coils is also 
important in determining the pressure curve. For example, 
a rectangular coil will tend to give a very rapid increase and 
decrease of pressure, because it will become instantly active 
or inactive ; while a coil of rounded form will cut the lines 
of force in steadily increasing or diminishing numbers. 
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There is Bome clifliculty in finding the actual value of k itt 
practice, since the exact magnetic density B~, is not easilj 
found without special eiperimentiug. The designer, of course, 
knows the calculated value of N,i and consequeutlj B"^, and 
then from the measured preaaure may calculate k with a fair 
degree of approximation to the truth. But if a Hmnll teat coil 
be arrau^ed so as to explore the gap at various places, then the 
average value of B", may be readily found ; this, however, ia 
not an easy thing to do in an ordinary shop with workshop 



Mr. Kapp haa made a special study of the coefficient J, and 
the following table is baaed on his researches. The windings 
are assumed to be in one series, and the width of the poles and 
ooils is expressed in decimals of the pitch. 

Table K. 

Proportion) of Field-Poles and Armature Coils in Terms of 
tht Pitch, anil Corueipifnt Valttts of k. 



Total breailth of copiier in each 



I (uoveiiiiE wliole Burfnce) 
05 (coveriug half fiurfiwe) 

I {covering whole Burface) 
0-5 (coveiiDghsIf surfaca) 
0'5 (coveriug half burfnce i 
C'33 (covering third of surface) 
Sine Function 



1-16 

1-636 
206 



Having thus determined the total effective presaure of the 
alternator, it is easy to find the terminal effective pressure. 



This will be given as for continuous currents by equation (6), 
page 18. Thus, if u.be the effective terminal pressure, then 



1 

i 



where i is the current 
the coils. 



1 the armature and r the resistance of 



J 
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It remains to eiamine more closely the armature preasiu^e 
and to consider the relation of its components. Essentially 
there are three active electromotive forces iu every alternate- 
current device, the capacity of which is either zero or negligible, 
whether it receives or geueral«a power ; they are the impressed 
pressure Vjmp, which represents the total electromotive force 
of the circuit, i', the electromotive force ot selt-indtictiou, 
and Vj the resultant or curreiU-driving electromotive force. 

The self-induction pressure is always in advance of the 
resultant pressure by 90deg. The pressures may be repre- 
sented by the diagram in Fig. 83, and numerically their 
maximum values are related by the equation 



v>», 



I 




Fio. 85 — Diagram at PhasaB of Presaure. 



(36) 

I 



These three pressures have different amplitudes, but the 
same wave length, and it is necessary to distinguish between 
their maiimum and effective values ; but equation (36) is 
equally true for both. In practice, however, the effective 
pressure is of the greater importance, and is generally under- 
stood when the word pressure is used without any qualification. 

The self-induction electromotive force requires further expla- 
nation. Whenever an electric current is started in a conductor 
there is a tendency to stop the passage of the current, and 
when the circuit is opened so as to break the path of the current 
there is a tendency to continue the current, which is evidenced 
by a spark at the gap. These tendencies are clearly of a 
different nature to the ohmic resistance, which absorbs pressure 
(tR), and simply regulates the quantity of current. Since it 




1K6 
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requires an electromotive foroe to start a current, an electro- 
motive force will also check a. current ; and hence in alter- 
nate-current working, as the current is rapidly alternated, i.e., 
first started in one direction, stopped, and then restarted in tho 
other direction many times in each second, it is clear that this 
apparent inei-tia of the electrical current may at times asstimo 
considerable proportions. 

The phenomenon is said to he due to self-induction, which is 
expressed as a quantity whose magnitude is measured in units 
called henries. The self-induction of a circuit is proportional to 
the square of the number of turns of wire. The number of lines 
of force embraced by the circuit ia proportional to the product 
of the self-induction and the current. The electromotive force 
generated by the variation of the lines of force ia projiortional 
to the frequency of the current, and also to the total flux of 
lines, and may therefore be espressed in volts by an equation 
of the form 



- f\j I'C- N 1-41, 



(37) 



lines of forci 
current in on 



coil 



frequency, or number of complete cycles per 
number of turns of wire, N ia the number of 

le turn of the winding, and i is the 

I [I ere s. 



The quantity expressed by the product N C- 
coefficient of self-induction of the circuit, and is 
bolised by the letter L- 

.-. V, max = 27r^ jL 1'41, 

and the effective pressure 



1-41 



tL. 



i called the 
isually sym- 



(39) 



In considering the self-induction of an altemate-curren'^ 
armature, N is the number of lines of force due to one turn cm 
the winding where one ampere £oW3 through the coil, and ■ 
is the number of turns in aeries. The self-induction ca.^ 
therefore bo made small by keeping the quantity C"N smaU 
But is obviously proportional to the required pressure, ac3 
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therefore practically fiied between narrow limits for ii given 
design ; and the magnitude of N will depend on the perme- 
ability of the field. If the magnetic density be sufficiently 
great to practically saturate the iron of the corea (field and 
armature) the self-induced Qeld will be small compared with the 
main field, and will have httle effect. In designing alternators, 
then, it is advisable to make the field induction strong in 
•order that this induction per turn of armature may be as 
large as possible. In armatures with air cores it is possible 
to work at a high magnetic density, and therefore the self- 
induction can be made low ; but with iron-cored armatures at 
the density usually permissible the seif-iu duct ion is considerable. 
It must also be noted that the electromotive force of self- 
_ induction of an armature depiends on the frequency (i.e., the 

K rate of change of induction), and also on the armature current 

H if the permeability of the magnetic path be conataui. 

if Phases of Current. 



It is found in a practical alternator that L has a smaller 
value at full load than on open circuit. This is the case, 
because the permeability of the field is then less. The electro- 
motive force of self-induction in most cases will be greatest 
at light loads, since, though i is then small, L, on the con- 
trary, attains its greatest value. 

If a circuit have capacity, such as is caused by a condenser, 
an armoured cable, or a concentric cable of considerable length, 
then there will be an electromotive force lagging 90deg. behind 
the resultant pressure, and therefore in opposition to the self- 
induction pressure if the circuit he an inductive one. The 
relative position of the phases and magnitudes of the pressures 
are shown in Fig. 84, where Vimp is the impressed pressure, v, 
the resultant pressure, and % the capacity pressure. 

n2 




4 
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§29. IMPRESSED, DYNAMIC OR WORKING, AND 
CONDENSER OR WATTLESS CURRENTS ; RE- 
LATION BETWEEN PHASES AND MAGNITUDES 
OF PRESSURES AND CURRENTS; POWER 
MEASUREMENTS; EFFECTS OF CURRENT LAG. 

It has been shown that the resultant pressure can be divided 
into two components, the impressed pressure in phase with the 
dynamic current, and the self-induction pressure at right 




Fig. 85. — Clock Diagram. 

angles to it. A similar relationship is true of the impressed 
current, ^.f., the current measured by a dynamometer, which 
can be resolved into a dynamic or work-producing current in 
phase with the impressed electromotive force, and a wattless or 
condenser current lagging 90deg. behind it. Let the three be- 
distinguished by the several symbols ^imp, ^d, and zV Then 



,2. _ o2 



imp 



= i^. + i 



.'2 



(40) 



\ 
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The relation between the pressures and currents is illustrated 
in Fig. 85, which is known as a clock diagram. The radius A 
JB supposed to revolve clockwise, and to represent the impressed 
electromotive force, one complete revolution being equal to one 
period. It is evident that the projections of A on any straight 
line, say, Y Yj, passing through the origin 0, will represent 
the fluctuations of pressure from instant to instant, assuming 
the curve to follow a sine law The instantaneous values of 
the several pressures may therefore be read on the axis Y Y,. 




Fig. B6.— Work Diagram— Cur, 



On A describe the semi-circle ABO. Let any convenient 
unit length be chosen to represent a volb and an ampere. 
Through draw B, touching A 13 at B, proportional to the 
resultant pressure and lagging behind A by an angle <j>, 
and join A and B. Then the line A B will be equal to the 
self-induction pressure expressed in the same units. Draw 
OE parallel to BA, and complete the parallelogram BAEO. 
Then E shows te relative phase of the self-induction 
electromotive force, V., which ia seen to lead Vimp ty an angle 
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« . Now the impressed current is due to the reaultant preasure 
and therefore is iu phase with it. Hence on O B (prolonged if 
necesaary) marl; off a part C equal to the impressed current. 
From C draw C F perpendicular to A, draw D parallel to 
C F, and join CandD. Then the resolved parts of C, viz., OF 
and D, will severally he proportional to the dynamic and the 
■wattJeas currents, for they are the components of O C reaolved 
at right angles. It is seen that the impressed current lags 
behind the impressed pressure by an angle </> — arbitrarily chosen 
in this case — and the dynamic current leads the impreaaed. 




Fig. 87. — Work Diagram — Current lagging l&leg. in Phase behind 



current by the same angle </j, while the wattless current laga 
beiiind it by the angle 6. It ia also apparent that the greater 
the difference in phase between the impressed pressnre and 
impressed current the greater the magnitude of the wattlesa 
current. The import of this will be more readily appreciated by 
reference to Figs SG and 87, which show respectively curvafl 
of instantaneous values of pressure and current coinciding in 
phase in Fig, 8C, and the same curves differing by 45deg. in 
Fig. 87. The work performed in each cycle, corresponding to 
products of V i, ia shown in the shaded areas bounded by dotted 
lines, the ordiuates of which are simply proportional to the pro- 



MEAN POTTFn. in 

dttct of the corresponding ordinates of Vand i', with due regard 
to the algebraic signs. The curves beneath the time line are 
considered as of negative value ; and, since the product of two 
negative qaantities is algebraically positive, the work areas are 
chieSj positive or useful. In Fig. 87 the small negative areas 
denoted by negative signs must be subtracted from the positive 
areas when estimating the total or mean power. 

"WB are now in a position to deduce the equation for the 
mean power. It has just been shown that the mean power 
is simply the product of the impressed effective pressure and 
current, as measured bya hot wirevoltmeter and a dynamometer, 
if there be no difference of phase. If there be a phase difference, 
then the espression must be multiplied by some function of 
the angle of phase. Referring to Fig. 85, p. IG8, it is clear 
that the mean power is proportional to AO. FO, or to BO. CO ; 
or to the product of VimB *i1j "r ij„p Vj, all being effective values. 



Now 


A0.FO = A0.COcosA0B 


and 


= Vi„pttopC03</., 
BO.C0=A0.00cosA0B. 




= V,„p.W<=''s.^- 


And if w 


e consider the maximum values, since 




V,..,- J2V,; 




'' V2 Ji 



The efTeotive values are practically the only directly measur- 
able ones, and therefore it may be stated finally that 

Mean power = Vin,i, iimp C' 

It is evident that if the angle ■/> be large the power may b 
relatively small, although the product of impressed pressure 
and current bo considerable. And it ia also seen that a largo 
angle of lag is detrimental in two ways: 
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Firstly, it decreases the output for a given plant, t.e., lowers 
the plant efficiency, and 

Secondly, it increases the heat waste in the copper of mains 
and machines. 



§ 30. EFFECT OF IRON CORES ; POWER WASTED BY 
HYSTERESIS ; EFFECT OF FREQUENCY. 

There is considerable difference of opinion as to whether an 
alternate-current armature should have iron cores or not. In 
the thin disc type there is no doubt that iron is inadmissible, as 
the armature would inevitably be drawn out of flat and jammed 
against the pole-pieces ; but in drum and Gramme-wound 
machines there is no mechanical reason why the magnetic re- 
sistance should not be decreased by a liberal use of thin iron 
plates. But the magnetic density must be kept low or the 
losses from hysteresis will be serious : B"a must not exceed 
from 40,000 to 65,000. And iron cores are said to have the efiect 
of reducing the loss from eddy currents in the copper. Re- 
garded from a purely mechanical standing, the author is of 
opinion that the iron-cored drum-wound type of alternators, 
such as those built by the Westinghouse and the Gulcher com- 
panies, are the better adapted for power purposes. The Brush 
and Ferranti armatures, compared with these, are fragile in 
make, and appear to be much more likely to give trouble. The 
experience of Continental and American engineers seems to 
confirm this, and the gradual development of multiphase alter- 
nators with iron cores undoubtedly points in the same direction. 

From a purely electrical point of view the Mordcy alternator 
is almost perfect, and certainly possesses the important feature 
of a high efficiency of conversion at light loads — a most impor- 
tant consideration with some kinds of work. On the other 
hand, it is an undoubted fact that the light-load efficiency 
of many of the iron core alternators is extremely low. In 
designing alternators with iron in the armatures it is always 
important to estimate the power which will be wasted in simply 
magnetising and demagnetising the cores, as this will be suffi- 



HY8TEBETIC LOSS, 
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ciently large to be comparable with the copper loss. Table L, 
which is calculated for 50, 83, 100, and 130 periods per second, 
gives the data necessary for most practical cases. 



Table L. — Power Wasted hy Hysteresis. 





B" 


Watts 


Watts 


Watts 


Watts 


B 


wasted per 


wasted per 


wasted per 


wasted per 


CG.S. 


per square 
inch. 


cubic inch. 


cubic inch. 


cubic inch. 


cubic inch. 




'-v^=50. 


ro=83. 


rv. = 100. 


rvj=130. 


4,000 


25,800 


0-116 


0-192 


0-232 


0310 


5,000 


3>,250 


0-1665 


0-277 


0-333 


0434 


6.000 


38.700 


0-2165 


0-360 


0-433 


0-564 


7,C00 


45,150 


0-2675 


0-444 


0-535 


0-695 


8,000 


51,600 


0-3-^05 


0-532 


0-641 


832 


10,000 


64,500 


C-450 


0-748 


0-900 


M70 


12,000 


77.400 


0-597 


0-995 


1-194 


1-550 


14,OrO 


90,300 


0-7c0 


1-260 


1-520 


1-970 


16.000 


103,200 


0-910 


1-510 


1-820 


2-360 


17,000 


109,050 


1-1375 


1-890 


2-275 


2-950 


18,000 


116,100 


1-4075 


2-340 


2-815 


3-660 



It will be noticed that for a fixed induction the waste of 
power increases in direct proportion to the frequency ; and that 
for a given frequency the loss varies as the induction raised to 
the 1*6 power. 



A further loss may also arise from eddy currents unless the 
iron plates are very thin, but with the usual gauges the waste 
of power is unimportant.* {See also §37, p. 207.) 

The effect of the frequency on the size of an alternator for a 
given output demands careful attention. It was shown in § 27 

* Mr. Steinmetz's law gives the expression for the loss in core thus : — 
Watts = a'V» B^'^ + 6 rv^^B^, the first term referring to hysteresis and 
the second to eddy currents. The constants a and h have to be determined 
for each sample. The second term decreases in value as the temperature 
of the core is raised. Generally, eddy current loss will not exceed about 
five per cent, of that due to hysteresis. See The Electrician^ February 12, 
19, and 26, 1892 ; also Journal of the American Institute of Electrical 
Engineers, January 19, 1892. 
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that the frequency is proportional to p — ; that is, it varies 

directly as the number of pairs of poles in the field magnets and 
the number of revolutions. If the speed be fixed, the frequency 
determines the number of poles, and, consequently, to a large 
extent, the size and cost of the machine. The bearing of this 
point in the design of alternators will be readily appreciated on 
inspecting Table M, which shows the necessary revolutions per 
minute at the frequencies customary in this country, with 
various numbers of pairs of field poles. 



It is seen that for a given number of pairs of poles the revo- 
lutions vary directly as the frequency, which on this account 
should be low. But the output of a given alternator, other 
things being equal, is proportional to the frequency, and there- 
fore a low frequency means a heavy machine for the output. 
This disadvantage is, however, counterbalanced to a large 
extent by the higher induction which is permissible as the 
frequency is diminished. 

Table M.* 



Number of pairs 
of field poles.f 


'^j=50 

revs. 

per min.= 


--^=80 

revs. 

per min.= 


rvj= 100 

reva. 

per inin. = 


^=130 

revs. 

per min.= 


2 

4 
6 
8 


1,500 
760 
500 
375 


2,a00 

1,200 

800 

6C0 


3,000 

1,500 

1,000 

750 


3,9C0 

1,950 

1,300 

975 


10 


300 


480 


600 


780 


12 


250 


400 


500 


650 


14 


215 


343 


432 


557 


16 


187 


300 


375 


487 


18 


166 


266 


332 


433 


20 


150 


2ao 


300 


390 



The ordinary values of B"a are given in Table N, and are 
practically the same as those found advisable in the design of 
transformers. 



♦ See also Table T, p. 184. 

+ The number of pole pieces in a maclilne is equal to 2 p. 



DESIGI^ or ALTEEXATOIiS. 





Iinlui^ti™ B"„ = frDra 


SO 


32,000 to ao.GOO 


60 


30,000 to 33,000 








26,000 to 28,000 


90 


24,000 to 26,000 




22,500 to 24,000 




21,000 to 22,500 




19,500 to 21,000 


130 


18.000 to 19,500 



If the magnetic field vary in strength the induction must be 
the ;ymeaii square value. 



§ 31. DESIGX OF ALTERNATORS ; MAGNETIC DEN- 
SITY; EFFECT OF SHAPE OF PRESSUHE AND 
CURRENT CURVES; PERIPHERAL SPEED; 
EXCITVTIOX 
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to the mastimiim value of the current, and the stresses must be 
calculated with reference to this value. In cases likely to be 
met with in practice, both pressure and currents closely approii- 
noate to a sine law in the outer circuit, and it is probably safe 
to assume that the armature pressure curve also does so ; at 
any rate, judging from the illustrations given in Figs, 75, 76, 
77, 78 and 79, the probable error is not sufficiently large to 
seriously affect the results. 

The peripheral velocity of alternators is generally greater 
than that of continuoua-cuiTent machines, and is a question of 
mechanical construction. Generally, with non-magnetic core 
armatures of the Ferranti type, the moving parts are so light 
that the centrifugal stresses are easily dealt with at even from 
5,000 to 8,000ft. per minute. And in revolving field machines 
of the Brush and Brown type it is clear that the speed is only 
restricted by the tensile streugth of soft cast iron. In revolv- 
ing fields, of the Electric Construction Company's type, since the 
magnets are mainly built up of wrought iron, the chief factor 
ia the ultimate strength of the bolts aud screws holding the 
parts together, itc. 

§32. EXCITATION; PAFwVLLEL WORKING; CRITICAL 
FIELD CURRENT OF ALTERNATORS AND 
ALTERNATE-CURRENT MOTORS. 

The estimate of the excitation presents some difficulty, but 
since the current is almost invariably provided by a separate 
direct-current dynamo, often coupled to the shaft of the alter, 
nator, a limited adjustment can be made by a variable resistance 
placed ia series with the coils. However, it is important to notice 
that for every driving power there is one value of exciting current 
which will make the output, and, consequently, the efficionoy, a 
maximum (see Fig. 88). In fact, the output does not vary directly 
as the field strength, as is the case with continuous-current 
machines ; and it follows that a proper regulation cannot be 
made by the exciting current alone, but requires as well an 
adjustment of the driving power for each load. This ia of special 
importance when alternators are aoupled iu parallel. If the 
exciting current be either above or below this critical value, the 
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in 



efficiency will be lowered and the output reduced (for the given 
driving power). In the first case, the armature current wiU be 
increased, and the terminal pressure also; but the efficiency will 
be diminiahed, owing to the increased loss over the armature 
resistance. In the second, the current will also be increased, 
and the terminal pressure will be lowered. 

This effect is aot very marked with many alternators, and in 
most cases the best excitation is nearly the same through the 
working range ot output. Perhaps it is of more importance in 
the oase of alternate-current motors, for then the increase of 
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Fla. Sa 
* Curves connecting Terminftl Volte and Amperca in Altematora Bup- 
plied with CoQBtant Power, the eicittition liciug increased continuously 
from zero Bt O to a inasimum at E, Curve 1 refers to a 10 k.w. alter- 
xiator ; curve 2 refers tn a 60 k.w, alternator ; aud curve 3 refers to the 
larger machine when the armature reactions are token into account. The 
^olte and Amperea are in phase at the upes of each curve. 

snain current may cause a serious loss in the line, as well as in 
the armature circuits. With motors it is found that for every 
load there is one excitation which will give a minimum 
armature (main) current. 

This important fact was apparently first discovered in 1890, 
at a lighting plant in Casscl, where the generating station, 
oomprising turbines and alternators, lies several miles from 
-the town. The electric power is transmitted through 
a ooncentric cable to two sub-stations, each of which con- 
tains a large alternate-current motor driving dynamos. The 
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" by G. Kapp, pi 



men in charge of these machinea found that the tnaiti 
ourrent could be varied for the same load by altering the 
motor escitation. A Bimilar effect ia illustrated iu Fig. 88a, 
which refers to esperimeuta umde by Mr. Mordey with two 
Brush alternate motora running light. The terminal preBBore 
waa maintained constant at 2,000 volta and 100 ix,, the speed 
also being constant throuyhout the range of observation. The 
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Fiu. 83a. — Curves Connecting Eioiting and Annttture Currenta. 

teste were continued with various loads, and it waa found that 
for every output there was one value of exciting current 
corresponding to miuimuoi armature current, and that the 
critical excitation waa approximately the same for all loads. 
Professor S. P. Thompson has shown that miuimum current in 
a motor armature occurs when the pressure and current are in 
phase, that under-exc Station causes the current to lag, and over- 
excitation causes it to lead. 
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Dr. Sumpner, Mr. G. Kapp, Mr. Swinburne, Mr. Motdey, 
and others have iavestifjated the theory of exciting alternate- 
current machinee. And it appears that the output of an alter- 
nator depends on the steam admission, or simply the driving 
power ; while the laij, and, consequently, the wattless current, 
is controlled by the excitation. And tor a given brake 
horse-power of an alternate-current motor, the excitation deter- 
mines the lag and wattless current. 

The problem is complicated by armature reactions, self-indno- 
tion, and capacity effects in the circuit,* Armature self-inductioa 
tends to weaken the field, and therefore to necessitate more 
than the calculated excitation, while capacity io the armature 
tenda to strengthen the field, and hence to reduce the value of 
the necessary excitation. The actual number of ampere-tuma 
for any load will, therefore, depend on the balancing of these 
two effects, and no general rule can be stated. When alterna- 
tors are running in parallel, with separate engines, the steam 
admission should be controlled by a common single governor, 
and not by separate governors to each engine. And the real 
output of each dynamo, after the throttle valve is properly set 
for the full output of the machine, should be measured by a 
wattmeter, and controlled (in accordance with its readings) 
■through the field excitation. An ammeter is of no use for this 
purpose, as it gives no indication of the lag between current 
and pressure ; and the omuihus pressure, being the same for all 
the machines, is no criterion of the actual total electromotive 
iotce of any of the alternators. It may therefore happen that 
two alternators in parallel may be giving pressures differing as 
widely as 3,500 and 1,500 volts, and yet the omnibus pressure 
will show 3,000 volts, the proper station pressure, say. 

§ 33. SINGLE-PHASE ASYNCHRONOUS MOTORS^ELF- 

EXCITING AND SELF-STARTING. 

This type of motor is not yet in general use in England, but 

it is steadily gaining favour on the Continent, and ia worth 

some attention in connection with the present subject. 

* For further iiirormatioa and experiments with EyQchrouous motors 
on loDg-diHtanca Uhbb, see Procadings of tlte Inalittttion of EUetriaaL 
Efujintefs, Vul. XXIII. 



Messrs. Htitiu and Leblanc, Mr. 0. E. L. Brown and others, 
have devised various forms which run with aingle-phase currents, 
aajnchronouBly and with good efficiency. By the combination 
of an additional rotarj magnetic field, they can be made to 
start against a considerable toniuo, and the autiliary field can 
be stopped after the proper speed is attained. Various devices 
" by Mr. C. E. L. Brown, 
il windings oa the field 
■n (or even capacity), and 
These two circuits when 
produce a rotary field. 



the most feasible beiug two parall 
magnets — one with small aelf-inducti 
the other with larger self-induction, 
supplied with a single-phase current i 
and so cause the armature to revolve.'*' 



The construction and general appearance of these motors is 
similar to that of multiphase machines (see g 58, page 28i). 
It may be noted now, however, that the armatures have no 
collectors or brushes, and that the windings consist simply of 
straight conductors laid in grooves or tunnels, and connected at 
either end to solid metal rings (see Figs. 169 to 171, and page 
292) ; or are laid on the periphery of the core so as to look not 
unlike a squirrel cage. 

The general principle will be readily grasped from diagram 
Fig. Si), which refers to the ordinary method of coupling the 
Brown motors. 



The winding of the motor is in two parallels, each of aa many 
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the current jiaBsea through a h and through the regulatingr 
handle J and the inductive resistance R, and returns to the other 
termiual n of the transforraer through the ammeter A. The 
secund current, in parallel with the first, goes through the 
voltameter V, and passes direct to the other terminsil o£ the 
tranafortner. Thus it will ba aeen that the phase ot the 
current paaaing through the main coila and the reaiatance It 
will lag, while the other will be advanced by means of the volt- 
ameter v. By a suitable adjustment of the condeaaere to the 




periodicity, a phase difference of a quarter of a period is 
obtained between the two currents. A steady deflection of the 
ammeter A shows the motor has arrived at synchronism. Then 
the connection a 6 is broken by the commutator switch, and 
that through a /is made, the motor then running by means ot 
the main oaila only. By a suitable coupling of the switches, 
the making of the contact a f and the breaking of c (i can be 
accomplished at one operation. 



The resistance R is always 
terminals, absorbing t 



1 circuit across the transformer 
however, is very 
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owing to its large self-induction. This arrangement is used to 
eliminate the induced cnrront on openinf^ and closing the 
circuit, and IB the subject of a special patent by Mr. Brown. 
The condenser is built up of layers of V-shaped iron plates, in- 
sulated from one another, and immersed in a solution of caustic 
BoJa contained in an iron jar. It is to be noted that the 
aiimieter, the resistance and the condeuser, may be made to 
serve all the motors of a given installation. 

For very small motors of from -^^- to J H.P, a few spirals of 
German silver or iron wire put in the starting circuit are 
siifhcient to give the requisite lag. This resistance ia con- 
veniently arranged on a hand frame, and can be used con- 
secutively for a number of machines. 

By the courtesy of ttie Directors of the Gfi'cher Company, 
the author was enabled, in November, 18Q3, to make, in 
conjunction with Mr. W. B. Esson, a series of teats with Brown 
motors of various sizes. The results obtained are given in 
Tables 0, 1', Q, and R, and may be of interest as showing the 
commercial efhciency and general performance of this type of 
motor. 

Table O.—lOO voltn. SO^, 4 pnhx, ^ H.P. 



ALaorbad. 


Eevolu- 
tions. 


Watts 
given out. 


Actual 
efficiency 




Amiieres 


Watt* 
actual 


Watts 
apparent 


Power 
factor. 


•¥- 


3 
36-6 


128 
343 
2,1B8 


300 

550 

3,285 


0-43 
0-62 
0'666 


2,330 

2,280 




E.pt,. 




71-1 
At at. 



44-6 
irtiiig. 





Table P.— 100 volts, 80 ^ 


6pola,lS.P. 




Abaorlied. 


llBvolu- 

tlOUB. 


Watla 
given out. 


Actual 
effieiancy 




Amperes, 


Watts 
aolual, 

176-1 
364-0 
706 

1,109 

1,125 


Watta 


Power 
factor. 


effiiiioncy 


8-48 
IC'O 
12'45 
16-7 
22-0 


B48 
1,000 
1,245 
1,670 
3,200 


0'21 
0-361 
0-567 
0-663 
0-611 


1.560 
1,540 
1,520 
1,490 



500 
800 





5B-5 
70-B 
72-1 
Atsl 




21-3 
40-18 
48-0 
rtiiig. 



lu 
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Table (I— 100 volts, SO fv, 6 poles, 2 S.P. J 


Absorbed. 












Berolu- 


Watta 
given out. 


Actual 
ffioienoy 


Apparent 
efficiency 


,w„„... 


WftttB 

notual. 


WatLB ! Power 
Eipparciit.i factor. 


137 


252 


1,270 


0-2 


1,570 


Empty. 








14-& 


620 


1,450 


0-38 


1,550 


290 55-8 


200 


lB-0 


1,C40 


1,000 


0-557 


I,5i0 


697 


66-0 


58-1 


24-5 


1,630 


2,450 


0-665 


1,500 


1,100 


67-5 


44-9 


30-5 


2,050 


3,050 


0-672 1,490 


1,400 


68-3 


45-9 


31-2 


2,150 


3,120 


0-69 1,480 


1,520 


70-7 


48-6 


30-0 


1,848 


5,000 


0-616 





At starting. ■ 


Table IL—100 volls, 60'\, , 6 poles, 2 H.P. 1 


\ Absorbed. 


Revolu- 


Watta 
SivOQ out. 


Actual 


Apparent 


Amperes. 


WattB 
actual 


Wntts Power 
apparent, factor 


efBeiency 


°"t"" 


16'5 


320 


1,650 


0-194 


1,185 


Empty. 








17'5 


500 


1,750 


0-286 


1,170 


210 


420 


12-0 


19-6 


1,040 


1,960 


0-53 


1.160 


690 


66-5 


35-7 


231 


1,320 


2,340 


0-564 


1,150 


980 


74-2 


42-0 


27-0 


1,710 


2,700 


0-631 


1,140 


1,270 


74-3 


47-0 


44-5 


2,850 


4,450 


0-64 1 





At atertitig. | 


1 Mr. Banti has made some teats with larger Brown raaohines 


1 of thia claaa, the figurea of which ate given in Table S. It will 


P be seen that the efficiency is high at from half to full load. 


Table ^.—106-S volts, 45 ^, 6 poles, 5 II.P. 


Absorbed. 1 


Watte 
given out. 


Actual Appareol 


^^ 


Watte 
actual 


Watte 
apparent 


Power , uons. 
factor.! 


offloiencj-.efSciencj 
% % 


15-0 


343-C 


1S94-S 


0-215 902 


"X- 





J 


17-5 


967- 


1360-25 


0521 890 


61-0 


31-6 i 


210 


1421- 


2232-0 


0-653 870 


10150 


720 


46-2 m 


2W 


1911- 


2551'0 


0-751 8iS4 


1479-0 


77-4 


57-1 ■ 


27-6 


2401- 


2923-0 




18690 


77-9 


64-0 ■ 


. 32-3 


2976- 


3433-0 


0-869 1 872 


2325-0 


78-9 


67-6 ■ 


L 370 


3503- 


1 3933-0 ' 0-694 1 660 


2699-0 


77-0 ' 68-2 ■ 


■ 43-0 


4189- 


4570-0 0-917 868 


30830 


73-6 67-4 ■ 


■ 48-5 


4806- 


5155-0 0-934 1 E43 


3383-0 


70-5 65-6 ■ 


I 650 


5439- 


5846-0 0-954 860 


3731-0 


68-0 67-0 ■ 


1 o2 1 
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SINGLE-PHASE AHYNOHEONOUH MOTORS. 186 

Mr. Banti conduoted hie testa in the following m&nner : — • 
Tiie motor was started by sending the aingle-phaae current 
from tLe trausformer through the auxiliary and main windings. 
As soon as synchronism was attained, the ammeter inserted 
in the principal circuit assumed a definite deflection. The 
condenser circuit was then opened and the belt applied to 
the motor. Headings were tlieu taken of the watts and 
amperes supplied, tlie speed, and the torque on the motor 
shaft ; the volts being kept at constant pressure. The watts 
were measured by a Gauz wattmeter, a Cardew voltmeter was 
used for observing the pressure, whilst a previously standardised 
tachometer indicated the speed. The output was measured 
by an absorption brake. 

The effect of frequency on the outputs, weight, and speed is 
of great importance, and has been made the subject of in- 
vestigation by some of the leading 6rms, It is illustrated in 
Table T, which is compiled from a series of tests made by 
the Oerlikon Company with their stock machines, designed 
for frequencies varying from 42 to 100 "V per second, at a 
uniform pressure of 110 volts. The figures are only approii- 



The weights bear no particular ratio, te the outputs, because 
the same patterns have to be used for machines working under 
different conditions. It will be clearly seen, however, that the 
weight for a given speed and output and the same number of 
poles varies, roughly, inversely as the frequency. The actual 
watts and the efficiency are practically the same at each 
frequency within the limits of the Tables. In connection with 
this, reference should be made to Table M, page 174, which 
shows the alteration of speed caused by varying the number of 
poles for various frequenoies. 
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TRANSFOKMERS. 

8 34. lotroductjon ; Types of Trallsformera.— § 35. TnuiaformerB in 
Parallel ; Primary and Secondary Drop o( Pressure ; Magnetic 
Leatajjc ; Coiistimt Current Transfomnirs.— g 3S. Curvea uf (Jlosed 
Magnetic CireuitTriinsformera— §37, Design ut Tranafoiuioi-a.— § 38. 
Step-np and Ste[j-dowu Transformers. 

§34. INTRODUCTION; TYPES OP TRANSFORMERS. 
Kbferbn^cb has already heen miuie to the function of t!ie cou- 
tinuous-current transformer or dynamotor (g 25, p. 138). That 
of the alternate-current transformer or converter, generally 
denoted aimply by transformer, is essentially the same ; it 
converts power, t^ V,, at one preusure into a corresponding 
power at another pressure and current, i.^ Va (say). Assuming 
QD loBS in the transforming, 

The left-hand product representa the power in the primary 
circuit at the bigh-pressure terminals of the transformer; 
i, and V^ severally expressing the primary current and 
pressure. The right-hand product gives the power in the 
Bocondary circuit at the terminals of the consumer's circuit, 
Vj being the pressure ot supply. It is clear that the primary 
pressure will be selected as high as possible in order to keep 
the current small, and thereby to economise in copper, A 
usual value for Vi is 1,000 volts, Let the horsepower be 100 
(i.e. = 74,600 watts) and the secondary pressure, V3, be 100 
volts, then 

Primary circuit, i, V, = T4'6 x 1,000, 

Secondary circuit, Sj V2 = 746 
or the currents are in inverse ratio to the pressures. 



^ 
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In prautice, owing to the loaa in conversion, the secondary 
output will be less than the primary by an appreciabla quan- 
tity, varying with the design, size and load of the traustormer 
It will fix ideas to examine the following reanlts obtained by 
Dr. J. A. Fleming from some of the heat known tranaformera. 
Table U shows that with an output of one tenth of the full 
load a welldesigned tranafortner has an effioiency of rather 
more than 86 per cent, and with one -twentieth about 7G 
jier cent. 

It will be seen also that the efficiency ia highest at from three- 
quarters to full load, and that the efficiency decreases aa the 
load ia diinibiiihcd. It ia thus of tlie highest importance to 
secure a high-load diagram for each transformer, and to ensure, 
if poBsible, that the all-day load shall not be lees than 50 per 
cent, of the maiiraum. Then the efficiency will average about 
95 per cent, This is a very important consideration in dis- 
tributing power, and will be referred to again when discuswng 
power problems. Another point ia the power-factor, or ratio of 
true watts (effective volts x effective amperes x cos ^) to appa- 
rent watta (effective jolts x amperes). This is a variable 
quaotity, being from 0*77 to OSO at no load, and attain- 
ing unity at about ooe-tenth of the maximum output in 
the best modern designa, such as Mordey, Ferranti, Kapp, 
Westinghouae, aad Tho ma on Houston trans form era. With the 
" Hedgehog " type it does not exceed 0'07 at no load, and 
never exceeds about 08 even at full load. This ratio does not 
give the efficiency of the tranaformer, but, since it ia dependent 
<in the conductivity of the magnetic circuit, it forms a rough 
guide to the suitability of transformers for given work, and 
also is a. useful figure of merit for determining the probable 
line and plant efficiency at light loads, especially when the 
secondary circuits are open.* 



* It ia niiw well recogDiaed tlitit a retarding n-attmcter ia the most aatis. 
factory ioBtnimaut for measuring tlie true watts given out from a central 
atation. The integration of the resulting <]iagram will give the total 
energy aupplied iu auy giveu time, and tlie meter-read inge will give a fair 
idea of the quantity of energy received by the various aonBumera during 
the same period (aiuiuuiiug the line tu be non-inductive]; heuce it is 
poBsible to eatibiate Uia plTtnt efficiency with couaiderable accuracy. 



EFFICIENCIES OF TBANSFOBMEBS. 



189 



* 

JO 

ce 
H 






o 






73 

a 
o 



06 

a 



0) 

00 



O 



m 

O 



00 

o 



o 



o 



to 
o 



o 



ro 
o 



o 



s 

o 



U3 
CQ 
O 

o 



O>I^vpip^cg00,-ito 



9 
V 

a 

9) 



m 



p 

to 

a 

a 
o 



O) O nO 

s ^ s 




O) 


P 

O) 


90-5 
961 


IS 

Oi 


op p 


00 iH 


p 


00 CQ 1-1 CQ 

d) cb ^ d) 


^ ^ « w l> 

o5 % ^ ^ S 


ro 
IS 

Oi 


00 


Oi 
O) 


00 
O) 


rp CQ 


to CQ CQ 
^ ^ Q) 


vO 


p 


•p 

lO 

Oi 


CQ 


P a 'H P 

^ Go ^ ^ 


IS 


• 

1-1 
a> 


«> 

& 


00 

3 


CQ 

• 

O) 


96-1 
92-9 


^ 
S 




O) 


5f "P 
8 S 


Oi 


00 


94-0 
91-1 


P 


p 


• 

O) 


P 


p 

00 


00 

• 


■p 


91-9 
87-8 


NO 

O) 


g 


U3 00 
3 S 


<> 
P 


CQ 

88 


O) 


I> 00 


•p 

s 


1-1 ^ 


•p 

CQ 


nO 


p 


• 


75-9 
76-6 


^ 

s 


p 

g 




ip ip 

S 5 


lb 

vO 


oa 


61-8 
491 


p 

o 


lO 


1-1 

<>a 

lO 


to 
ro 


00 ^ 


ro 
ro 



s 



ooooooooo 



a 

00 

o 

I "^ 



J J - 

^ H S 



a 



5 

CQ 
00 



a 

I 

-H i e 

g : ^ 
pq M ^ 



& 

"S 

e 

a 



-(J 43 

is 

lO lO 



s g 
^ ^ 



o 

lO 



c8 CB c8 

^ ^ ^ 

I I I 

8 8 S5 

o o c* 

9^ m, ws 

o ^ ro 



•*3 ^-t 4-> 
-•J +» ^J 

I I 

§o 
o 
o 

vO ro 



XI 
o 

$ 

•I 

a 

1 



.£3 



ELECTRIC MOTIVE POWER. 



The types of transformers in general uaa are not very nume- 
arouB ; indeed, there ia not room for much variation, although, of 
course, the details differ widely. Broadly speaking, trausformerB 
may be divided into two classes, which differ fundamentally, vis., 
the closed magnetic circuit and the open magnetic circuit. The 
first includes the majority of designs, and has been demon- 
strated to be generally superior to the second, which ia prac- 
tically only represented by the "Hedgehog" tranatormer. The 
apecific claita tor the open-circuit converter is an assumed higher 
average efficiency. But Dr. J. A. Fleming, after an eshauative 
aeries of trials,* finds that the closed type ia the better, even 




FlQ. 90. — " Hedgehog " Tranaformer. The vertioul linca in tho ceotro with 
apikod ends represBat the ai)ft iron wire core, 

on thia count. With respect to light-load efhciency there ia 
no doubt that the closed circuit is preferable. For the power- 
factor of the open-circuit type is ao low that the wattless current 
ia always large, and the "magnetising current," or primary 
current with secondary circuit open, appears to be practically 
prohibitive. 



The " Hedgehog " transformer (Fig, 00) ii 
mercial interest. 



■, of c 
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It will be seen that the iron core is surrounded by the copper 
winding, and the soft wirea of which it is built are turntd over nt 
the ends into hemispheres. It is a verj cheap design, and fiods 
favour from uonaiderations ot first cost. 

Itis fair to state that Mr. Swinburne explains the indifferent 
results obtained with the particnlar " Hedgehog " transformer 




— Wcatiiighf 



tested by Dr. Fleming by the fact that its winding compressed 
the soft iron nire core so tightly that the filias of insulating 
oxide were partially broken, and the whole core acted as a more 
or less solid mass. This no doubt militated largely against the 
effioiancy, and it may be that the open-type transformer in 




Mr. Swiubumo's hands will ultimately attain to as high a power, 
factor and all-round efficiency as the closed type ; but this ia 
not the case at present. 

The better-known closed- circuit transformers are illustrated 
diagrammatically in Figs. 91 to 100, The primary windings 
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am Buggeated bj fine croBs liues, and the secondary hy ooarsar 
uiieB. Various mellioda of disposing of the wiudingB— soma 
aopamte and some interplaced — ^are also indicated, but. they 
are not peculiar to uny of the types, beiog practised u 
found convenient. With the exception ot tha Ferranti 




Fig. 93.— Mordoy TraiiBformer. 

tranaformer, Fig. 92, which is built u]j of thin iron stripB^ 
all the types illustrated are made from tbin stampings of 
soft irun, the gauges most in use being from No. 24 to No. 30 
RW.U. Generally the design aims at reducing the external 
magnetic leakage to a minimum, thereby causing the whole of 




Fig. 95. - Kapp Tranef ormer. 



the lines of force induced by the primary current to pass 
through the secondary circuit, and vice versd. The methods of 
putting the windings in position will be easily understood. Tho 
primary and seconilary coils are first wound on " formers," aud 
then thoroughly insulated both from each other and from the iron 
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core. In Fig. 91 the pieces marked p p are bent back, and the 
coils are passed over the core ; when as many stampings as are 
required are threaded, the plates are distanced with mica and 
firmly secured in position by the external casing. In Figs. 94, 



f* ' T T T 1 I I I" 



Fig. 95. — Gulcher (Esson) Transformer. 

95, 96, 97 and 98, the coils are simply laid around the centre core 
pieces before the ends are placed in position. In Fig. 93 the 
coils are first placed in the centre of the larger plates, and the 
small punchings are put between consecutive plates, and thus. 
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Fig. 96. — Snell and Kapp Transformer. 



passing through the coils, form the core. In the Ferranti type 
the coils are slipped over the iron strips, which are then bent into 
shape and secured by the outer casing. In Fig. 99 the coils are 
dropped over the core, and then the plug pieces, k k, are put in 
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position. In Fig, 100, which ia the latest Thomaon-Houatoti 
design, the coiEa and tho core are placed together in the centre 
of the rectangular stampingB. 

The iuaulation spaces permit a free circulation of air^ — 
or of oil if the whole he immersed in a. resinous oil, as is 
frequently done in modern designs for very high pressures. 




Fin. 97.— Rjinkiu Kennaly TrEiorformer. 

By means of oil insulatioo converters have been huilt witE" 
a tranafortnation ratio as high as 1 ! 140, viz,, from 50 to 
20,000 Tolta ; and even this is not necessarily the limit if 
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Fro. 98.- Brown TranEfoi'mer. 

special precautions are taken as regards the disposition of 
the high pressure coils, and especially of the leading-in and 
out wires, which are usually encased in glass tubes widely 
separated in order to prevent arcing. It must be recollected 
that the normal maximum preaaiire, which in this case should 
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be about 20,000 x ^3, or, my, 38,200 volta, determines the 
limit of disruptive diacliarge, and that if there be a teaonant 
effect in the circuit, it is quite poasible for thia valito to 
be considerably exceeded. No doubt the cumulation of the 
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—Thomsnn- Houston TrinHtonner. 



several harmonic pressures in a circuit explains the otherwiae 
apparently inexplicable puncturing of inaulation. Oil insula- 
tion is eapeciallj valuable in such cases, for the puncture closes 
as soon as the spark has passed, and the insulation is as strong 
as before. Estra high pressure transformers are at present 
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Fia. iOO. — LaCeai, Form of Tiiomson-HiraBton Tranrfonner. 

only in use for long-diatance transmission, and are used as step- 
up converters at the power station, and as step-down converters 
at the distributing end of the line. By their use the main 
current is made as small aa desired, and the extra high 



pressure is reduced to a safer limit before serving the dia- 
tributing ayaCeni {see % 38, p. 208). 



The performance of a tranaformer ia affected by aize, relative 
([OniititieB of iron and copper, magnetic tienaity, copper loss, 
stray magnetic 6eld, and reuistance of the joints at right angles 
to the path oE the lines of force. Speaking generally, high 
efficiducy at low loads may be attained it the total copper loss 
be kept Bmall and the magnetic induction be made relatively 
low — i.e., if there be a large quantity of both copper and iron; 
but this design is necessarily expensive owing to the large mass 
of metal. If a high efficiency be required only at nearly full 
load, then the copper loss may be larger and the cross-sectioa 
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Fracliona of Full Socondarv Load. 

Fio. 101. — EfBciency Curves of VariouB Tranaformeni. 

Top Curve, 6,500-watt WestinghoUHe Tnuisformer. 

Middle Curve, 6,000-watt Mordej Ti'anBformer. 

BcitUirn Curve, fl,500-w(itb Thomson -Houstnu Tranaformer. 
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Note.— If the Trans tormera ivere of tlio aamo power, Uip curvea would 
probably be nearly identical, 

of the iron leas, the design being lighter and cheaper. If 
high average efficiency with cheap design be aimed at, a com- 
promise must be made between these two extreme proportions. 
These remarks are applicable to any of the designs mentioned, 
and the results actually obtained in practice may be gathered 
from Table U, p. 189. The efficiency curves of some of the 
standard transformers are shown in Fig. 101. 
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§35. TRANSFORMERS IN PARALLEL; PRIMAilY AND 
SECONDARY DROP OF PRESSURE ; MAGNETIC 
LEAKAGE. 

If a, transformer be designed for parallel working — and this 
is the more frequent practice — then the aim ia to make the 
mutual induction of the primary and aeeondary circuits a 
maximum, and to reatrict the drop of volta to aa small limitB 
as possible — good practice being within 2 per cent, of the 
open-circuit secondary pressure. The " total secondary drop " 
at full load is afiected nob only by the secondary reaistance, 
but also by the primary reaistance and the atray magnetic 
field. The leakage eiTect increasea with the output, for the dis- 
turbing effect due to the secondary ampere-turns ia, of courae, 
proportional to the secondary current, ly The total drop ia 
also affected by the increase of value of the primary drop, 
tj R^; for, if the preaaure at the primary terminals he kept con- 
stant, the primary counter pressure decreases as the primary 
current increases. And aa the secondary pressure is propor- 
tional to the primary counter pressure (not to the primary 
terminal pressure) the secondary drop ia increased in pro- 
portion as this diminishes. The number of volts in the 
secondary drop due to the primary drop is given by the 
expression 



xprimarjdrop, or ^ i^i^i- 



(*2) 



In the transformer equationa the suffixes o and / are 
severally used here to distinguish current or preaaure at no 
load and full load ; T^, T2 = the respective number of turua in 
the primary and secondary coils; and R^, Rj = the primary 
and aeeondary resistancea. 

The relative importance of these three cauaea of drop in the 
pleasure varies with different designa. In the Westinghouse 
type the magnetic leakage accounts for about one-half of the 
drop ; whilst in the Kapp tranaformer, which haa interplaced 
windings, the leakage is very araall {see Fig. 102). Dr. J, A. Flem- 
ing gives the following rule for estimating the number of volts 
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lost by magnetic leakage with a closed-circuit transfonner. 
Add together the product of secondary reeistaaoe and maximum 

secondary currant and - ^ times the product of primaiy resist 

ance and current, after deducting the "magnetising current" 
from the primary current at full load ; subtract tbia aum 
from the total observed drop, and the remainder is the number 
of secondary volts lost by magnetic leakage. Thus : 



Secondary volts lost by magnetic leakage 

= (.V,-,V,)-|U,,.-,+ TiK,(,i,-..i)l. 



(«) ■ 
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Fia. 102. — 6|500-watt Westbghouee Traoaformor, 
a b, Line of Maximum PresBure. b c, Drop due b 



The order of the " drop " curves is illustrated in Fig. 102, 
which is taken from observations made with a 6,50O-i 
Westinghouae transformer. 



These curves indicate the lowering of the secondary pressi 
for each of the three causes. The top line, a b, shows the 
open circuit secondary pressure of 101 volts ; line a c marks 
the loss due to secondary resistance ; a d that caused by 
primary resistance ; and a e that by magnetic leakage. The 
maximum drop is about 2'4 volts, or a mean variation of 1'3 
per cent. 
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If the primary and secondary currents be nearly in opposition 
to each other, i.e., separated by a phase difference of ISOdeg. 
approximately, the resultant ampere-turos at any load are 
simply I'lTi-tjTj, where T, and Tj are severally the number 
of primary and secondary turns. And with the secondary 
rircuit open the excitation is simply due to i, Tj. This par- 
ticular value of the primary current is called the magnetising 
Oorrent. It has been determined by Profs. Kyan and Fleming 
•od others that the resultant excitation is constant for all 
loads ; hence the primary current at no load is a criterion of 
'the merit of a given transformer if the above-mentioned phase 
difference be preserved. The following figures from a 3,000- 
watt Giilcher transformer will give sorae idea of the value of 
[the effective or magnetising ampere turns. The primary turns 
Lre 1,000 in number, and t\Ti = l,570 at full load; the 
secondary turns are 60, and ijT2= 1,500; therefore the 
m^Tietising ampere-turna i^ Tj - i„ T^ == 70 (approx.), and the 
imt^netising current = 0'07 ampere. 

This law, however, is not true for open circuit transformers, 
<nr for those closed circuit types which have defective joints, 
for then there is a varying lag between the two currents, 
and the value of the expression ij T, - 1^ T^ continually 
diminishes as the load increases. It will be remembered 
that the "Hedgehog" transformer was specially mentioned as 
having a low power-factor, the value being a minimum at 
no load and increasing towards the full output, but never 
«xceeding about 80 per cent, whereas the best closed-circuit 
types have a power-factor of 100 per cent, at about one-tenth 
; of tbeir output. 

It is theoretically possible to run transformers in series upon 
a constant current circuit, and to supply the secondaries with 
constant currents ; but there are so few cases in which such a 
^Btem of distribution would be economical that few trans- 
formers have been built for this purpose. It is sometimes 
desirable, however, to feed a secondary circuit with constant 
current while the primary is supplied at constant pressure, 
u occurs with arc lamps in aeries. Both the Westinghonse 
ftnd Thomson- Houston Companies have devised such trans- 
formers; that of the last-named Company being shown ii 
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Fig. 103a. It will be Been that the magnetic flux ia earned 
partly through the side aores and partly across the air-apace 
ill the centre marked A. The proportions are ao arranged that 
a decrease in the number of arc lamps, lowering thereby the 
secondary resistance, increases the reaction of the secondu^ 
circuit on the primary, and causes a greater leakage of mag- 
netism across the gap A. This cuts down the induction in the 
aecondflxy and increases the self-induction of the primary, tbne 
proportionately decreaaiug its current 




Fib. lOav.— Thonuon-Hoaston Parallel Transformer m'th Constant 
Secondary Ourreot. 



§ 36. CURVES OF CLOSED MAGNETIC CIRCUIT 

TRANSFORMEKS. 
In eiamiuing the performance of a given cloaed-circuit trans- 
former, the essential points to be determiued are : — 

(a) Pressure at primary terminala. ^^^m 

(b) Maguetiaing current. ^^^H 

(c) Primary and secondary resiatances. ^^^| 

(d) Terminal secondary pressure at various loads. 

{«) Secondary currents at loads corresponding to readings 
taken under {d). 

The product of (a) and (h) gives the apparent watts con- 
sumed at no load. Since the power factor or ratio of true 
to apparent watts is then about O'S, if this product be 
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multiplied by 0*8 the true watts are known, and the iron core 
ioBs for all loads can be found by subtracting the primary coil 
watts with open secondary coil. 



Thus, 



O'S V, oil - oV Ki = watts lost h 



(ii) 



■ Then from the ratio of primary to aecondary pressure at no 
load, and from the eame ratio with TariouB secondary currents, 
the corresponding primary currents can be calculated. And 
hence, knowing the reaistances, the primary and secondary i^ R 
loBseB can be estimated. Then, drawing a total P H loaa curve 
-and a total loss curve {i.e., adding hjsteretic and eddy current 
losses) parallel to it, there are sufficient data to determine the 
-efficiency at all stages of the load. 

To illustrate this the iDllowing calculations are given with 
reference to a Ferraoti 1892-pattorn transformer of 15 H.P,, 
having the following data : — 

V, ^ 2,400 volte (kept constant). 

V.J = 100 volts nominally. 

'\, = 82'5 periods per second. 

Rj = 377 ohms. 1 

R2 = 0-0092 ohm. 

ot] = 0-103 amperes. 
,»i=^4'837 amperes. 
,ij = 113'85 amperes. 

On open circuit .— ,V, = 2,400 ; .V^ = 100 ; (,i, - 0-103 ; 
The apparent watts = „V, x „s"i = 2,400 x 0-103 = 247-3 ; 
And loss in core -0 8 x 247-2 -0-103- x 3-77 = 197-5 watts. 

At full had .-— ,Vt = 2,400 ; ,Vj = 97-8 ; ,i, = 4-S37 ; 
/, = 113-85. 



Lo<!s in primary, i 
„ aecondary, t 
„ core 



= 4-837^x3-77 = 88 5 

= 113-85= x0-0092 = 1190 

= 197-5 



Total loss at full load 



Efficiency at full load = 



- ^ 96 per cent. 
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These calculations give the open cirouit and full load potats 
of the eeveral curves. The intermediate points can be ileter- 
luiaed in a aimilar manner, and the whole series be plotted in 
aucoessioo.* 




* Full particulara of tliia transforoier will b« found in Dr. Fleming's 
Paper on page 636 nf Part 101 of Journal of Institution of Electric*" 
Engtneen, v> wtiicli reference ibould be made for further iuforniatioa. 
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These results are illustrated in Fig. 103, iu which 

Curve a ahowa the total secondary droji, 

„ b „ secondary drop due to the primary 

and aeuondsry circuits, 
„ c „ secondary drop due to the Becondary 

circuit, 
„ d „ primary copper loss in watts, 

„ e „ secondary „ >, 

/ » total „ 

„ 1/ „ loss (including hysteresis and eddy 

currents), 
,, h ,, primary output in watts, 

„ I ,, secondary „ 

„ L ,, efficiency. 



All the curves are referred to the currents as abacissffi, Llio 
corresponding primary and secondary currents beiog plotted to 
suitable scales. The ordiuates are made to different scales in 
order to condense the whole. 

Some idea of the order and relation of ths phases of pressure, 
current and resulting magnetism in a transformer may be 
gathered from the following : — 

In a transformer there are^ 

(a) A wave of impressed E.M.F., ^Vinip, in the primary 
circuit. 

(6) A primary current, I'j, lagging behind the primary E.M.P. 
by an angle ^, which may have any value between Odeg, and 



(c) A wave of magnetism lagging behind the primary current 
by considerably less than 90deg. 

{d) A counter E.M.F., ^Va, due to the inductive action of the 
magnetism and lagging 90deg. behind the magnetic wave 



(e) An impressed secondary E.M.F., V^, due to ai 
by the rate of change of the magnetism, and hence lagging 
90deg. behind it. 
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(J) A secondary current, t^, in phase with the secondary 
KM.F. if there be no Bclf-ioductioo in the circnit; lagging by 
an angle of any value between Odeg. and 90deg. it there be 
inductive action in the circuit ; or leading if there be capacity 
in the circuit. 



The relative poBitiona of the aeveral curves are roughly 
indicated in Fig. 104. 



On an open circuit the counter E.M.F. ot the primary ie 
nearly in oppoBitioa to the primary impresBed E.M F. 



« 




Fio. 104.— Curves of Tranrformer. 

iVimp.Primary laipresaed Pre«6ure. iVr. Primary ResuIUnt Presauro. 
[V,, Primary Self-induction Preaaure. i,, Primary Current. jVimp. 
Secondary Impreased Pressure, ('a, Secondary Curreut. m, Curve <ii 
Magnetic Induction. 






Angle of lag betveen primary preeaure and currer 
idary presHure and current taken in phase. 



. assumed to ba '^S^^^H 
rly in oppoBtti^^^| 



primary and secondary currents are very nearly in oppoetl 

at all loads, but most nearly so at heavy loads. 

It is useful to remember that when the secondary coils are 
short-circuited the impedance of the primary circuit becomes 
sensibly equal to about twice its ohmic resistance, and there is 
a danger of burning out the winding. 
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g 37 DESIGN OF TRANSFORMERS. 

'rom the preceding practical and theoretical remarks it vill 
be evident that the deBtga of a transformer is from the com- 
mercial point of view a compromise between conflicting 
conditions of efBciencj and coat. It ie generally recognised 
that efficiency can always be secured if price be of no moment ; 
but sound commercial engineering requires the annual cost of 
{Kiwer wasted in a transformer to be equated to the coat of 
maintenance plus interest on capital outlay. This demands a 
special application of the economic taw. There are, however, 
certain well-established hmits for the permissible losses in cop- 
per and iron cores for different sizes of transformers at each of 
the more usual frequencies, and if these are observed the results 
arrived at will not be far from the best attainable. Some of 
these practical data are to be found in Dr. J. A. Fleming's Paper 
on "Experimental Researches on Alternate-Current Trans- 
formers," and as Dr. Fleming tested transformers by some of 
the best makers in England and America, the figures are, beyond 
■dispute, characteristic of modern practice. 

From th« mean of a number of efficiency tests it appears that 
the copper losses for small transformers do not eitceed r75 
per cent, of the full load secondary watts, and for larger ones 
the loss decreases proportionately to about 1'25 per cent. The 
losses in the iron are also found to vary between I'O and 0'ii5 
per cent of the full load output. So that the total losses may 
be said to average from 3'0 to 1-5 per cent. 

Bearing these fii^ures in mind it is comparatively easy to 
£nd the permissible resistance for primary and secondary 
^iircuits, and also the number of cubic inches of iron for a given 
output (see Table L, p, 1T3). In the first instance, the following 
data will be known ; — 

V] = Primary Pressure (assumed constant), 
jVj = Secondary „ no load, 
t2 = Secondary current, full load, and 

The probable load factor should be calculated first of all in 
■order to determine the fqaivalent current. Then Rj and R,, 
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the reaiaiaaoes of the primai7 and secondary circuits, ms/| 
be selected. Next the current densities may be chosen, the 
usual values lying between 250 and 1,500 amperes per square 
inch. The hyeteretio and eddy current loss should neit be 
estimated, and then the copper losses and the drop can be 
approximately determioed, the values being cbosen between 
the limits given here. Thia will enable curves (a), (6), (c), (d), 
and (e) (m« Fig. 103, p. 202) to be plotted in the following 
order : — 

First plot curve (a) from the assumed value of the total drop, 
and curve (c) from the calculated value of R^ and the known 
value of .I'l, by equation (42), p. 197. Then plot curve (h) 
from the assumed values of R, and ,ij, and the remaiuing 
space is the leakage drop. Then curves (d) and (e), the 
copper loss in primary and secondary, can be calculated ; 
and the iron core loss at all loads can be determined from 
the selected total loss. Then curves (</) + («)■)■ core loss give 
curve (</). The secondary output curve (i) is easily calcu- 
lated, and then the primary (A) is found by adding the total 
watts from curve (?) and plotting the result to a euitable 
scale. The efBeiency curve (k) is simply curve (t) divided by 
curve (h). 

The primary current for any load can be read from the curves 
now plotted. The ratio of the turns in primary and secon- 

„ 2,000 _ 20 
'l' 

The exact number of turns in each can be found thus : — 

First, let the number of primary turns T, be determined, 
then the effective value of the primary pressure 

y _2t ^NT,_4:'45 'vNT, ...^ 



' ^/2xl0'i 10* , . . V , 

which is the fundamental equation for transformers, and corres- 
ponds with equation (6), p. 18, for dynamos. 
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The only difficulty ia to fix the ratio of N to Tj when only 
the product of the two is known. For example let 'V = 10(> 
and Vi = 2,000 ; 

UnleBB there be data availahle it will require a series of trial 
calculations to fix the beat ratio between these quantities. 

The usual plan adopted in practice is to take a. stock size' 
core, and this fixes N, for N = B"A, where A is the area of cross- 
section and B" the induction. The value of B' ia from 
60,000 to 65,000. Hence T^ is known. 



If there be no fixed core to guide the design in respect of N, 
an approximation may be made from the permissible hyateretio 
loss {s^e Table L, p. 173) and the corresponding volume of iron 
for the given frequency. This is a tedious process, as it leaves 
the relation of the length of the magnetic path to its cross 
section an open question, and requires several trial calculations 
before satisfactory proportions are determined. 



A few caleulations, however, for different shapes of carcases 
will demonstrate the principles. This part of the deaign neces- 
Borily involves the consideration of the winding space, which 
is not a difficult problem when the gauges of wires are approxi- 
mately known. 

Aa soon as the number of primary turns Tj is settled, that 
of the secondary is found by multiplying Tj by the ratio of 
transformation ; or the secondary turns 

This description of transformer design is incomplete, but the 
Author feels that this clasB of plant is not likely to be taken in 
hand by any except specialists, owing to the many difficulties 
which arise in connection with the selection of various designs 
for specific work, such as parallel or series lighting, transmisaion 
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or diatribulion of power ; or, what is still more iatrioato, a com- 
bination of power and lighting work. It haii been assumed iii the 
calculations, as is customary, that the secondary turns are fev 
in number, and therefore have no appreciable self- induct iou, and 
also that the secondary external circuit is a non-inductive one, 
such as a bank of incandescent lamps. Tliua the drop of pres- 
sure follows simple laws and is easily pre-determined. But if 
an inductive load, as electric motors or arc lamps, is put in the 
circuit, then there is a counter- pressure of self-induction ; and, 
the secondary current lagging behind the secondary pressure, 
the drop is increased in proportion. Again, if there be resonance 
in the circuit, such as that caused by a condenser in parallel with 
the primary mains, or if the power be transmitted through long 
concentric mains armoured with continuous metallic sheathing, 
the current may lead the pressure, in which case the "drop" 
will become negative, and the supply pressure will be raised. 
These two sources of trouble, being diametrically opposite in 
their effects, counteract each other, and hence it has been sug- 
gested that condensers should be used at central stations 
supplying power to inductive circuits. But the treatment of 
such problems demands a close acquaintance with the under- 
lying theory, and it would serve no useful end to discuss 
at length this part of the subject. The engineer desirous of 
studying self-inductive and resonant effects is referred to Dr. 
Fleming's "Alternate-Current Transformer,"* in which the 
subject is treated both practically and mathematically. There 
are, however, some special problems which occur in alternat 
current transmission, and these are referred to in Cha] 
VII. («<^ €tpecially g§ 42 and 43). 



;tnate^^ 



§38. STEP-UP AND STEP-DOWN TRANSFOHMEl 

In cases where the pressure in the transmission raainff' 
from 4,000 volts upwards it is sometimea found convenif 
to employ step-down transformers to lower the line pressure 
at the sub- stations. And in polyphase current systems 
step-up transformers are sometimes used, because this class of 
alternator can be most economically designed for pressures 
of from 50 to 100 volts. It is, however, generally cheaper 
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to increase the inaulatioa resiatance o! the windings than 
to use a acep-up transformer, at any rate up to pressures 
about 5,000 volts. The beat authorities appear to differ as 
regards the preaaure at which atep-up tranaforniera become 
advisable or neceaaary. For esample, in the Roaae-Tivoli power 
plant the aingle-phaae alternators are banked in parallel at 
an omnibus pressure of about 5,000 volta, and at the Ponta Pia 
aub-Btations step-down transformers lower the pressure to 2,000 
volts, at which the primary circutta of the house transformers 
are fed. On the other hand at LaufFeu-Heilbronn the poiy- 
phaae-current alternators give 50 volts and 4,000 amperes 
each, this pressure being raised by three-phase tranaformera to 
5,000 volta. It is reduced at Heilbronn to 1,500 volts to feed 
the diatributing network. 

Intermediate transformers are used primarily to economise 
copper in the tranamiaaion niaina by means of extra high 
pressure, and they secure this important end with freedom 
from risk to life and with immunity from breakdowna. For 
it is evident that the distributing network can be easily 
protected from the inroad of the estra high pressure by use 
of the safety devices already mentioned ; and that an accident 
to the atep-down transformer only aSecta the primary circuits 
of the Bupply tranaformera, which in turn are protected by 
similar devices. The conaumer ia thus doubly secured from 
an invasion of the high pressure. From the mechanical aspect 
there can be no doubt that a tranaformer properly built and 
buried in a sealed oil-tank ia a far more lasting device than the 
EQoat carefully constructed high or low preaaure alternator. 

The use of intermediate tranaformera becomes of greater im- 
portance as the pressure of the transmission service is raiaed. The 
experiments with three-phase currenta between Frankfort and 
Lanffen with pressures of from 20,000 to 30,000 volts establiah 
extra high-preasure working on a practical basis, and the difficul- 
ties arising from capacity and self-induction are not found to 
present serious obstaclea. 

At Cassel an interesting variation in plant deaign comprises 
aiugle-phase alternators, atep-up transformers, and alternate- 
Ducreut motors at two sub-stationa, each motor running ttro 
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cotitinuous-ciirreat dynamos, which each feed a low presaure 
tliree-wire distributing network. And a Bioiilar scheme ia- 
TolvJDg two-phase generators has been carried out by Messrs. 
ijchuckert and Co. at Buda'Pesth, 



For power purposes, since the load-factor will generally be at 
least 50 per cent, it will be poasible to work the large eitra 
high pressure transformers at more than 50 per ceot. of their 
full capacity dtiriDg the greater part of the time, and probably 
by carefully selecting the units the load-factor of each may be 
kept as high as 85 per cent. It this be the case the large 
transformers will generally be less costly to build per unit than 
ordinary transformers, which require a high average efficiency 
over a large range of output, and therefore must contain a 
liberal allowance of copper. 

This is a weighty poiut in considering the use of atep-up 

-transformers, and must largely determine the advisability of 
their use for any plant. 

The relative merits of low-pressure alteniatora and atep-up 
transformers versus high-pressure alternators, are not easily 
estimated. Time ia necessary to permit the accumulation of 
'experience before this question can be satisfactorily answered. 




ALTERNATE-CUEREST TRANSMISSION AND 
DISTRIBUTION.— SINGLE-PHASE. 

5 39. Advantsgea and DLBadvantagea of Altemata Currenta. — S 40. Series 
Working not PoHsible ; 8 mgle Alternator and Motor.— §41. Parallel 
Working with Alternate Currenta.— § 42. Increase of Resiataoce in 
Conductors can-ying Alternate Currenta. — § 43. Variation of Preaaure 
in Conduotora having Self-induction and Capacity. — § 44. Eflfect of 
Capacity upon the Changs Ratio of Transformera — S 45, Compen- 
eating tor Drop ot Preaaure in Conductors.— g 46. Meaaiirement of 
Freaaure at the End of Feedera.— § 47. Compensatora or Regulators. 
S 48. Coupling Separately- Driven Alternators in Parallel.— § 49, 
Alternate Current Measuring Instruments.— g 50. Precautions to be 
observed in Altflrnate Current Working.— g 51. Earthing the Primary 
and Secondary Circuita ot Tranaformera ; Safety DBvioea. 

§39. ADVANTAGES AND DISADVANTAGES OF 
ALTERNATE CURRENTS. 

Tbg special points in favour of the alternate- current systems 
may be summarised as follows : — 

(a) High-pressure machines are permissible, since the 
currents are not commutated, and, therefore, sparking diffi- 
culties are entirely obviated. 

(6) Power is readily divided into units ot any size and at 
any pressure by suitable transfotmers — either step-up or step- 

(e) The regulation of pressure over a large area of supply is 
facilitated by parallel high-pressure primary circuits. 

(d) The power in any of the branch circuits can be regu- 
lated by choking coils without serious loss — thus the preaaure 
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of a feeder, or the light of a single lamp, can be graduated 
without using a waateFul resistance. 

(e) Alternate currents are generally more easily handled thau 
continuous currents, and the sparks at breaking circuit are less 
destructive. 

(/) Synchronous motors of large aizea have a high all-round 
efficiency, and necessarily rua at constant speed. 

(,?} Asynchronous motors can be made without collecting 
rings and brushes, and are of very simple construction. 

{h) Separately-driven alternators will run perfectly in parallel 
if the driving power and excitation be properly apportioned. 

{i) Two alternators of unequal pressure may be coupled in 
parallel, and will give an intermediate pressure if the self- 
induction of the armatures be of suitable amount — too much or 
too little self-induction lowers the plant efficiency, renders the 
condition unstable, and prevents the load from being pro- 
portionately divided between the several machines. 

The chief drawbacks to alleriiate currents are : — 

(1) Transformers, especially uniall ones, are not efficient with 
low load factors, and therefore transformer sub-stations ore 
required for economy. 

(2) Synchronous motors are not self -star ting, and will atop 
if temporarily overloaded. 

(3) Asynchronous motors will not start againat the designed 
running torque, unless special precautions are taken in the 
designing, and are only efficient at high loads. 

(4) The lag between current and pressure in an inductive 
circuit, such as one loaded with motors, is productive of 
wasteful current in the copper circuits. This is specially the 
case when the total useful power is small. 

(5) Synchronous alternators are more costly to build than 
dynamos of equal output, 

(6) Alternate-current transformers fed with the primaries in 
series at constant curreut require the secondary circuits to be 
also fed with constant current. 
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(7) Free-run niiig Bynchronous alternate- ourreut motors will 
not work in seriss. 

(8) Alternate currents are not suitable for electrolytic pur- 



(9) There ia Bome difficulty in regulating the pressure of 
supply in cireuita coDtainiog induction and capacity. 

(10) Accumulators cannot be used either for storing power 
or steadying pressure. 

Tbese points will be aeverally developed in § 40 to g 51. 

In this chapter only single-phase currents are considered, 
and hence the term alternate current will he limited here ta 
this meaning. 

S 40. SERIES WORKING NOT POSSIBLE ; SINGLE 
ALTERNATOR AND MOTOR. 

In Chapter IV. it has beea shown that the simplest case of 
tranaoiiasion of power with continuous current ia that in which 
one dynamo and one motor are run in series with each other. 
The same ia the case with alternate currents ; but series 
working is strictly limited to one alternator and one motor 
if aynchronoua machinea are used. Properly speaking, seriei 
working is impossible with synchronous machines. A reversed 
alternator runs perfectly as a motor when driven off a similar 
generator if running in aynchronisni with it. The term 
ayncbroaism implies that the periodic time of the alternations 
of the two machines is the same. Theoretically, it is sufficient 
that the frequency of one machine either coincides with or is 
equal to a. small multiple of that of the other. 

It has been already shown that the frequency is equal to 
the number of pairs of poles in the field-magneta multiplied by 
the number of revolutions ot the armature (or field-magnets) 
per aecond. Therefore, if the machines be similar, the speeds 
must be the same when synchronism obtains ; and if the 
numbers of poles in the two machines differ, the revolutions will 
vary inversely as the relative numbers of poles. From these con- 
.8 it is seen that a synchronous alternate -current motor 
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is not tdf'Uartimff ; and that the moviog part must be started 
ftud reTotved until it falls into st«p with the generator. This 
is moat readiljr accomplished by running the generator slowly 
until the motor has got into step with it, when the speed of the 
djnamo may be gradaallj increased and the motor speed will 
follow it with considenible persistence. This will be compre- 
hended by reference to the following diagram. 

In Fig. 105 let V be the curve of pressure of the alternator 
running aa a generator ; v the curve of counter pressure of a. 
similar machine running as a motor; and assume that, by means 
of suitable adjustment of both field-magnet excitations, V is 
greater than i' by au amount sufficient to drive the current t 
through the combined circuit. Then the work given out by 




fjg. loa 

the generator at any instant is equal to the product of the o 
responding ordinates of V and t, as N L x M L ; and the work 
absorbed by the motor at the same instant is - L Ni x M L. 
The sign of each curve is taken aa positive when above the 
time line and negative when below it. The total work done by 
either machine in one complete cycle can be obtained graphically 
by dividing the time line into any number of equal parts, when, 
if the time of one-half period be equal to T, then the several 

values of V *' — and vi — can be readily found and plotted in 

new curves whose areas will be proportional to the respective 
outputs. Care must be taken to use the right signs, and to 
recollect that the algebraic product of two negative quantities 
is reckoned as positive ; hence the values of V i in the second 
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■^3a,lt of the generator curves are poaitive, although each of the 
■factors is negative. The negative sign before the product 
V i implies that the machine ia receiving power from the circuit, 
whilst its absence shows that the machine is giving yotrmr 
into the circuit. The displacement of the current curve !, with 
rcfereuce to the resultant pressure V — ^, is called the lag. The 
amount of the lag is usually measured in degrees, and is deter- 
mined by the self-induction of the circuit. 

g 41. PARALLEL WORKING WITH ALTERNATE 

CURRENTS. 
Alternate-current working is seen at its best when the alter- 
' iiatora as well as the transformers are coupled in parallel. The 
term "parallel working," indeed, is usually held to imply this 
particular arrangement of the generators, and does uot refer 
to the transformers, although these are generally coupled iu 
parallel as well. The ordinary practice is to drive each alter- 
nator separately. In Continental practice two alternators are 
frequently coupled, one at each end of a turbine shaft, the 
whole forming one unit. Machines of unequal size work per- 
fectly in parallel, dividing the load in proportion to their 
capacities, if the excitations be properly adjusted and the 
driving power be of suitable amount. And alternators of 
even widely different pressures may be coupled ia parallel 
without risk of damaging either, the resultant omnibus 
pressure being intermediate between the two, But the load 
will not necessarily be divided according to the capacities of 
the two; and the machine with the higher terminal pressure 
will do work on that with the lower pressure during a por- 
tion of each period. Therefore, the power absorbed will be 
greater than is necessary, and may be excessive. In fact, 
the difficulty with parallel working is to proportion the load 
according to the several capacities of the generators. It is 
necessary to measure, by means of a wattmeter, the power given 
out by each machine, and to adjust the excitation and the steam 
admission until the load is properly distributed. An ammeter 
is of no use, since it gives no indication of the lag between 
the current and pressure, and, of course, the omnibus pressure 
is necessarily the same for all the machines. As already 
mentioned in § 32, p. ITS, the engines (or turbines) should 
0,1 
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not have separate goremors, but the throttle valve of each 
should be fint properly adjaated and then fixed. Tbe maia 
supply of Hteam (or water) should be controlled by a single 
goremor, affecting all the prime motors. Further adjustment 
of output must be made by tbe field excitation, the safest 
condition of working being giTen, not by the minimum current 
(tee Fig. 88, p. 177), but by pushing the eicitation beyond 
the lowest point of the rolt<ampere curve, so that a slight rise 
of speed will increase the armalure current, and the coarerse 
will bring it to its normal value. 

Alternate currents lend themselves readily to all of tbe 
systems of transmission and distribution discussed in §34 
(p. 122) with reference to parallel continuous-current working. 
That is, they are adapted for — 

(a) Simple parallel and reverse parallel systems, either direct 
or with tranatormers. 



ith transformers; and 
with regulators or 



(i) Two-wire feeder systems, direct o: 

(c) Multiple-wire feeder systems, direct 
transformers. 

It is in the transformer systems that they compare most 
favourably with direct currents, for dynamotora cannot seriously 
compete with transfonuere, either in prime cost, efficiency, or 
durability. It is important to eiarnine carefully the use of 
transformers, since they are likely to play a leading part in all 
large power plants in the future. 

It is sufficiently clear that high pressure is essential in the 
transmission maius from economical considerations ; and it is 
also evident that the distributing pressure must not exceed 
about 500 volts. It has already been shown how these two 
conflicting conditions are met in continuous-current working 
by means of regulators, dynamotors, and other devices ; all, 
however, having moving parts, and, therefore, re(]uiring atten- 
tion more or less continuously, being always liable to break- 
downs from mechanical defects, and subject, also, to wear 
and tear from mechanical friction. It would be unfair to 
the continuous-current systems to lay too much stress on these 
points, but they undoubtedly must weigh heavily in the 
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judgment" of engineers when comparing theBe two important 
classes of electric machinery. 

In alternate- current working the connecting link between 
the feeders and the diatributors is the transformer, which has 
been fully described in Chapter V. Reference ia there made 
■TO the structural details and to the fundamental features of 
design. It remains to investigate the functions of the trans- 
former, and to see how admirably it meets the many and varied 
Tequirements of power and lighting work. It has been ahoiiQ 
that the construction is of the simplest character, involving do 
moving parts, and coraprisitig merely a laminated iron core and 
two separate windings of copper wire, the cable being protected 
-by an iron case commonly filled with resinous oil. From the 
engineering point of view, it is as near perfection aa possible, a 
machine of the highest efficiency without moving parts, and 
■requiring no attention. If properly designed for the work ex- 
pected of it, there is no reason why it should not last for an 
indefinite period without repairs of any kind. 

In parallel working the transformers may be banked at 
-sub- static us, and any number may be coupled up to the dis- 
Iributora according as the load varies, the necessary connections 
4ieing made by an attendant on the spot ; or the switching may 
be controlled by magnetic devices worked automatically or 
■from the central station. The load factor of each transformer 
■must be kept aa high as possible, though the load factor of the 
station may vary 1 g 1 T atta'n th" nd ' " y t 

eelect the trans m hhmmmdb 

"75 per cent, of h m m p rm Ab 

soon aa.the full d m dad 

switched in. W h h 

with a load fact h p ffi 

ciency is about 95 p h max m b 

only short period m d b h m g 

transformers in dd h b e 

of detail which must be settled on the merits of each case, 

Another method, which was largely practised in the early 
days of alt em ate- current working {and is still used in com- 
mencing a new plant), ia to place a transformer in the premises 
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oF each consumer. It has several diaad vantages. In the first 
place, the prime coat of small trausFormera is necessanlj more 
per unit of output than that of large ones ; and, seooudlj, lie 
size of the trauBformer must be chosen with referenoe to the 
maximum, and not to the average, load ; hence the all-daj 
load-factor will of neceasity he small in most coises, often in 
lighting planta not averaging mors than 10 per cent. When 
this system is carried out on a. large scale for lighting, the 
result ia disaatroua as regards coal couaumption, which may 
reach as high as from 20!b. to 2Cilb. of coal per kilowatt-houT 
at the terminals of the lamps (one Board of Trade unit 
delivered) ; whereas the beat continuous-current three-viie 
aystems consume from 61b. to Sib., and subatation alternate- 
current plants not more than from 101b. to 151b. This 
disparity is due to the efficiency of transformers being com- 
paratively small at low loads, and also because the exciting 
currents must be supplied whether the secondary circuits 
are closed or open. Hence the primary circuits carry large 
idle currents, which are wasted in heating tbem and the 
transformers. The power thus lost has been variously esti. 
mated at from 10 to 15 per cent, of the total station power- 
Thia drawback, however, is not likely to be ao aerious in the caae 
of power work, for with large motora the load-factor will gene- 
rally be high, and the transformers can always be switched out 
of circuit when the motora are atanding, lamps (if used) being 
supplied from a separate transformer. And in a case requiring 
a number of small motors, auch as that of a manufacturing 
town or a large factory, a transformer sub-station can be easily 
arranged to deal with both light and power work, 

§42. INCREASE OF RESISTANCE IN CONDUCTORS 
CARRYING ALTERNATE CURRENTS. 
With periodic currents it is found that the distribution of 
the current is not uniform over the cross-section of a solid 
conductor, but ia limited to the outer layers of the metal. This 
skill fffect is the more marked aa the frequency is raised. 
A solid or stranded conductor, therefore, offers a higher resis;> 
ance to an alternate than to a continuous current, and the 
appareut resistance exceeds the measured ohmic reaistance by 
an appreciable amount. 



riRTVAL BESISTANCE. 



This virtual increase of the resistance of coiiductars was 
first disGOvereii by Prof, Hiighcs during his eiperimental i 
searches, and was brought to the notice of practical men by 
Lord Kelvin in bis Presidential Address to the Institution of 
Electrical Engineers ia 1889. It is now customary to speak 
of the combined ohniic and akin effects in an altemate-onrreut 
circuit as the virtual resistance of the circuit. Mr. Mordey 
has had special opportunities for inveatigating this important 
feature, and he has formulated some useful tables which give 
the practical limits of the effect. Lord Kelvin's figures are 
used in Table V, and for convenience a current density of 
450 amperes per square inch of cross-section has been selected. 
This gives a loss of 1 per cent, per mile with 3,000 volts, and 
1-15 per cent, per 100 yards with 100 volts, these being useful 
data for primary and secondary mains respectively. The Table 
also contains the limiting powers for the vaiioua sizes of con- 
ductors with this current density at 2,000 and 100 volts 
respectively. The skin effects are calculated for 80, 100, 
and 133 (^ per second, which are usual in this country. It 
is seen that the frequency varies inversely as the square of the 
diameter of the conductor for the same percentage increase of 
virtual resistance over ohmic resistance. 



Table T. — Increase of Eetistanve of Conductor 
Current Wii'-ting. 
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These figures show that the inorease of resistance is prac- 
tically insignificant with conductors of less than 0'35in. ia 
diameter with frequencies np to 133 '^j per second ; that witt 
cables of 0-5in. in diameter it is only 25 per cent, of the cal- 
culated ohmic resistance, wbile with diameters ns large as 
0-75in. it is as much as IT'5 per cent. This latter perhaps 
givea the practical limit of size for stranded contJuctora for 
alternate currents. Larger conductors may be built up from 
insulated strands or tubes, or strips may be used. Probably a 
fair increase of resistance for ordinary practice will be 10 per 
cent, ; when, if tbe calculated ohmic resistance absorbs say 10 
E.H.P., the virtual resistance will absorb 11 E.H.P. 



Examining the output columns, it is seen that the skin etl'ect 
ia not of much importance with the primary circuits ; for, with 
a pressure of 2,000 volts and 80 '^ per second, 440,000 watts 
can be transmitted with an increase of resistance of only S per 
cent, over tbe ohmic resistance, and with 100 'V 356,000 watts, 
the former corresponding to 220, and the latter to 175 amperes. 
These powers (590 and 465 H.P. respectively) are probably 
sufficient for single mains or feedera, and for esc eptionally long- 
distance transmission the power can be increased by simply 
raising the pressure. And it higher pressure be prohibited, the 
number of feeding points can oftentimes be increased. Thus 
there is nothing in the virtual resistance effect to hinder the 
transmii^siou of enormous powers with solid or stranded naked 
conductors, so far as the feeders are concerned. 



In tbe low-pressure distributing circuits the virtual resist- 
ance effect, however, may be of importance, because tbe watta 
that can be transmitted with a given percentage increase of 
resistance vary in inverse proportion to the pressure. Thus, in 
a 100-volt circuit the toad {under tiie same conditions as 
referred to in considering the primary mains, le., 10 per cent, 
increase) is only 13,000 for 133 ro, and 18,000 for 100 nj. If 
the percentage of increase of resistance be raised, then it may 
affect the pressure of supply. But it ia evident from Table V 
that the drop from this cause will not be serious in ordinary 
cases. 
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■43. VARIATION OF PRESSURE IN CONDUCTORS 
HAVING SELF-INDUCTION AND CAPACITY. 
The nest point to consider is the effect of variatious 
"*^^ ff load on the drop. A bank of incandescent lamps ia 
X^i'acticallj a non-inductive load, and the drop can be esti- 
*^iriated without difficulty from the known ohmio resistance 
-^^.nd the small increase of resistance in the mains due to 
■fclie frequency. But if the bad be partly or entirely com- 
,J>oaed of arc lamps or motors, or other devices containing self- 
ixiduotion, then there will be a further drop in the pressure 
-c3ue to a counter electromotiye force, which will vary in niag- 
*aitude with the current. The difficulty ia met to some 
extent in lighting stations by running separate circuits for arc 
lamps. Motors are not yet uaed to any appreciable extent 
-in alternate-current circuits, and whan used are run chiefly by 
-«3ay, when the lighting work ia comparatively unimportant, 
-And in the few oases where power work is sufficiently large to 
^^varrant the expense, separate circuits are set apart for the 
-azQotora. The author believes that moat of the Continental 
^^tationa which have tried the dual load have ultimately found 
i. t advisable to use separate circuits (at any rate for the larger 
^motors). For, although a varying pressure may be unimpor- 
'tant, perhapa, as regards motors, it is a serious matter with arc 
lampa, and still more so with iucaudesceut lamps. The effect 
of capacity in a circuit is precisely opposite to that of self- 
induction, the condenser electromotive force being phasially 
ISOdeg. distant from the electromotive force of self-induction. 
-And since both of these efi'eots are functions of the circuit, they 
■nay under certain conditions be made to counterbalance each 
other to some estent. The capacity effect is found in con- 
centric conductors and in single or concentric mains armoured 
"by continuous metallic sheathing, and it is worthy of considera- 
tion whether the latter are not of special use for circuits sup- 
plying alternate currents to inductive loads. At any rate 
they should tend to cause a smaller drop of pressure than 
ordinary copper conductors in an inductive circuit 



Some idea of the order of t 
fathered from the following. 



e effects in the mains 
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Firat, consider a coocentric conductor carryiDg an alternate 
current, and assume that the alternator and the motors have 
neither self-induction nor capacity. Let the terminal pressure 
of the alternator be V- Now the capacity 



Kl 



microfarad B, 



(43) 



I being the length of the two conductors, R, the radius of Ibe 
inside of the outer tube, B^ the radius of the inDer conductOTr 



Fig. 106.— Showing the Etfact of Capacity in ao Alternate-current Cir- 
cuit. OV ia tlie impreBsed E.M.F. ; i.i, lij-namic current; O ti„„ im- 
preaacd current ; and i^, coodenser current ; 9, angle by which resultant 
current leads impreesed pressure. 

aud K the coefficient of specific inductive capacity of the 
dielectric in C.G.S. unita. And the condenser current ia 
practical units is 

j,=27r'\j VC lO-'' (49) 

2^. aud V being efTective values. 

The condenser current is, as already stated, a quarter period 
in advance of the pressure. In Fig. 106, let V represent V. 



SELF-INDUCTION DIAGRAM. 

Tben Oi„ represents i^, Oij is the dynamic curreut, and, of 
course, is in phase wiih V. Through ij, parallel to i^ draw 
id Stop. At z„ in K erect the perpendicular i^ i„^, meeting 
ia 'imp at 'imp- aid J"'" ^ *i-p- "^^^^ ^ ^^' '^ '^''^ current that 
must be supplied by the alternator, and it is in advance of the 
impreaaed terminal pressure by an angle 9. 



Fig. 107 is constructed 
l> due to self-induction. 



1 a similar way, and shows cUe lag 



1. 5 k 



Pia. 107.— .Allowing tho Effect of Self-induetioii id an Alternate -current 
Circuit. O V is the impressed E.M.F, ; ij, dynnmic current ; i'unpi 
impresaed current ; and O 4, current due to E.M.F. of aelf-inducltou ; 
ip, aogla by which iioprGaBed current lags behind impreaaed pressure. 



The result of capacity, then, is to cause the impressed cur- 
rent to lead the line pressure, while self-induction causes it to 
lag. This phase-difference introduces several important results. 
If it be positive, the terminal pressure of the generator will 
be raised, because the armature reactions will then tend to 
strengthen the field. This is seen to be the case by considering 
that the masimum pressure obtains when the armature coils 
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[joe midway between the field poles ; and tberefore, if the maii- 
mum value of the current obtain before this position is reached, 
the coils will help to magnetise the Geld magneCa ; and, od the 
contrary, if by reason of self-iDduction the current lags in phase, 

r it will help to decrease the magnetism. 

The effects of self- induction and capacity with conceiittio 
pables may be shown graphically, when the constants of the 




— Shoiviag tlie EBeot of Capacity nnd Sclf-indui 



circuit are known, by combining the diagrams in the preceding 
figures. And by suitable approximations the effects for a com- 
plete power plant may be estimated in the same manner. The 
procedure is indicated in Fig. 108. 

C is the maximum value of tbe difference of pressure 

"between tbe condenser plates = *- -, OL is the i 
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I value of the counter preaaure = L' 2;/ (\i. OR is the resultant 
I praaaure which Bends the curreut i through the inductive 
i circuit of impedance -JW+lJiw^^. The pressure at the 
terminals of the condenser is H V by the conatruction (for 
aH = OL, and KV = OC-OL). Then OV represents in 
phase and magnitude the impressed pressure required to main- 
tain the current through the condenser. 

The condenser effect is a maximum when the angle H V is 
a right angle ; or H V, the condenser pressure, has a maximum 
ratio to V, the impressed pressure, when thia is the case.* 

In practice, with the insulations commonly used and th& 
sizes of conductors most in vogue, the capacity of concentric 
mains between the inner and outer conductors appears to be 
about one-third of a microfarad per mile run. But the effect 
is far more serious between the outer conductor and the earth, 
being nearly ten times greater. It is, therefore, important, 
witli high frequencies and high pressures, to take into con- 
aideratioQ the capacity effects aa well as the selE-inductiou. 

Tiie impedance of a circuit carrying an alternate current is 
dependent upon the resistance, capacity, and sejf-inductiou of 
the line, alternators and load, and may he also affected by the 
mutual induction of a neighbouring circuit. 

Self-induction and capacity in alternators and motors have 
already been referred to. In a long line the self-induction of 
the conductors may have an important effect upon the im- 
pedance. It gives rise to a counter E.M.F. which varies with 
the diameter of the conductors, the distance between their 
centres, and the intensity and the frequency of the current. 
The value in volts per 1,000ft. of double circuit per ampere is 
ahown graphically in Fig. 109, which is adopted from the 
calculations of Mr, Chaa, F. Scott. 

The constants in the abscisBEo have been calculated for a 
frequency of one '\i per second. The value for any frequency 
ia thus found by simple multiplication. For example ; Given 
a 100-ampere circuit at a frequency of 60 r\j, supplying power 

• Vide "Tlio Altcnittte-CutTBut Transformer," by Dr. J. A. Flemint;, 
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Distance between Centree. Ini^ei. 
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to a, diatance of 500ft. with conductors of 01 
-Bection, and 6iii. between centres. The constant 

1,000 

It IB seen that the counter E.M.F. is least with amall con- 
ductors Ijing as close together as possible. This condition it 



the inductive E.M.F. = 00027 x 



0-0027, and 
8-1 volts. 
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Fic. 110a. — Enlarged view of the comraenoeinent of Curvea iu Fig. 110. 

bist secured by using a concentric cable, when the effect will 
be reduced to a minimum. 

From these curves it is possible to estimate the counter 
E.M. F. iu most conductors with a fair degree of accuracy. To 
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predetermine the inductive drop of pressure between the gene- 
rator and receiver terminals, it is neceaaary to know the power 
factor of the circuit. Then the inductive drop for any load 
can be found by reference to Figa. 110 and 110a (also due to 
Mr. Chaa. F. Scott), after the counter E.fil.F. ia determined 



In these two figurea the counter E.M.F. and the drop due to 
the self-induction of the line, alternators and load, are given as 
percentages of the supply pressure. The total drop on the 
line ig fonnd by adding to this figure the fall of pressure due 
to the virtual resistance of the conductors, as given in 
TableT. p. 219. 



If two or more circuits are lying in close proximity to each 
other, there will be mutual induction between them, i.e., 
they will act with reference to each other as the primary and 
secondary circuits of a transformer. This effect ia noticed in 



overhead li 
separate alteroatora, and ia e 
sometimes sufHcient to causi 
in the light of incandescent 
parallel to each other. Thi( 
circuits {either two- 



more circuits are coupled to 
idenced by a surging of pressure 
an easily discernible flu( 
mps at the end of long c 
is also the case with three-wire 
-phaae). The E.M.F. induced by 



two circuits upon one another is not affected by the distance- 
between the conductors in each ; but simply depends upon the- 
relative positions of the two circuits, the intensity and direction 
of the two currents, and the distance for which they are parallel 
to each other. 



Some of the usual arrangements of a pair of two-wire 
circuits, with the mutual induction effects measured in volts 
per 1,000ft. of double circuit per ampere at frequencies of 
133 and 60-^ per second, are given in Fig. Ul. 



These data have been determined by Mr. Chas. F. Scott. The 
wires of the one circuit are marked by black dots, and those 
of the other by rings. The volts given refer to the E.M.F. 
induced by each circuit in the other, and will be positive or 
negative according as the two currents are in opposite or 




OHAffOE RATIO OF TRANSFORMERS. 

.the same directionH. The diagram is directly applicable to a 
Hingle-phaae syatem or to a two-phase ayatem with four wires, 
and can be readily modified to suit a three-wire ayatem. 

Mr. A. E. Kennelly hag given much attention to the im- 
pedance o{ mutually inductive circuits, and has developed an 
elegant geometrical treatmeut, which is applicable to most 
practical problems, eveu when they involve resistance, setf- 
ftnd mutual-induction, and capacity. The subject is not suit- 
able for discussion here. The student is referred to the technical 
FresB for further information.* 



• 

o o 



o 



o 



(133 ' 
\ 60 f 



fl33 ' 

1 60 r 



t'lG. 111.— S honing tlie number oE volta per aiapere per l,OOOEt. of 
double circuit due to mutual-iuduction between tno circuits in various 
armngemeuta. The wires of the two cireuita are aeveniliy diBtiugui«heil 
1^ rings and black dot<. 

§44. EFFECT OF CAPACITY UPON THE CHANGE 
RATIO OF TKANSFOEMERS. 
When transformers are used for testing alternators for insula- 
tion reaiatanee, it is sometimes noticed that the pressure at the 
terminals of the transformers is far in excess of that due to 
the ratio of conversion- This is due to the capacity of the 
alternator. The effect is of some importance in practice. The 
theoretical principles on which it depends are difficult to 

October 27. 1B93 ; and the Tmniatliaiia at 
li Engineers fur April, 1895. 
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eipreBB without the use of coefficients and complicated eqa- 
tioufl. But some idea of the order and magnitude of t^ 
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Fia. 112. — Curvea ahowing the Variation in Pressure In the Seconduj 
Circuit of a Step-np Tranatonner, by varying the Capacity in the Seoondiij 
Circuit. The experiments made with a No. 2 Siemens Tranaformer, and 
Curreut obtained from a Wl Siemens Macliine, frequency lODnj , The 
Eiciting Current kept conatant, aiid Alternator kept miming at 750 
revolutions during all the eiperimeiita. 
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Microfarads. 

Fm. 113. — Curves showing the corresponding Variation in Praamre in 
the Primary [Loiv Preaaure) Circuit in the game Trauafonner, by vaijing 
the Capacity in the Secondary Cuiiuit. 

increase of ratio of conversion will be gathered from the 
curves in Figa, 112, 113, and 114, taken from " The Alternate- 
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<!!urrent Tranaformer in Theory and Practice," by Dr. J, A. 
Fleming, Vol. II., pp. 396-398. 

The point to be apecially remarked in connection with power 
-work is that long concentric conductors have considerable 
capacity (about 033 microfarad per mile run), and hence may 
readily cause effects of the order shown in the eiperimente. 
They will be most marked with step-up transformers of large 
size. It is also important to notice {see Fig. 114) that there 
is a critical value of the capacity for the given eel f- induction 
of the circuit which will produce a maximum rise of pressure, 
and that the ratio of conversion is steadily increased aa the 
'Capacity increases (to in this case 0'65 of a microfarad). 
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FiO. 114. — Curves showing the Dependenco of the Ratio of Transfonna- 
"tioa of Pressure betweeu Primary aud Secondary Circuit ou Capacity of 
.Seuoudary. Deduced from the esperimeQts illustrated in Figs. 112 and 113. 

It is, therefore, theoretically possible to compensate for the 
drop of pressure at the far end of a feeder by putting a suitable 
capacity in the circuit. 

1-4 46. COMPENSATING FOK DROP OF PRESSURE IN 
CONDUCTOBS. 
There are several methods in use at present for compensating 
"the variations of pressure in the feeders or in the tratiamission 
mains. The most common consists in simply adjusting the 
excitation by hand or automatically, the generators being 
separately excited ; another consists in compounding the 
alternators in a manner similar to that adopted with dynamos, 
the alternators being either self-escited or else partly self- 
excited and partly separately excited. 
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Hand regulation bj a resistaace in series with the field-coi! 
circuit is easily understood, and there ia no need to make any 
special reference to automatic devices whose function is simply 
to vary the resistance of the esciting circuit. 

The Brush Company, Messrs. Gaiiz and Co., Messrs. Easton, 
Anderson and Goolden, and others, make automatic regulators- 
of this description, aud the author has spent much time in 
designing similar devices, but in, his opinion they cannot be- 
regarded as complete successes, and certainly are not adapted 
for use in power plants where there is no skilled super- 
vision, Compound winding, however, is a practical device. Bj- 
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means of it alternators can be madu to compensate for any pre- 
determined drop, and therefore to meet most of the regulation 
difficulties in the feeders. The arrangement adopted by the 
Thomson- Houston Compi.ny is to partly excite the field from 
a dynamo with a steady current and to provide a variable ex- 
citation by redressing a portion of the main current and passing 
it through a pair of coils opposite to each other, or through 
coils on each of the field poles. It is clear that, since the arma- 
ture current is redressed, the excitation due to it will be 
proportionate to the load. 

The arrangement is shown in Fig. 115. The two main col- 
lecting rings are shown at b k The " redresser " consists of 
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-tVFO circular gun metal castingB, having eacli half as maDy 
projections as there are pole-pieces in the Geld ; both being 
insulated. One of these is permanetly conDeoted to one of 
the collecting rings and the other to the free end of the 
armature coila aa shown. Two brushes, resting on projections 
belonging to opposite rings of the redreaser, form the terminals 
of the exciting circuit. To reduce sparking at the instaut of 
short-circuiting the field coils when the brushes rest on the 
same rings, a suitable reaiatance is placed in shout to the field, 
and this serves in addition to control the proportion of current 
in the exciting coils, and therefore to vary the compounding 
nttbin the limits of the design. This is a very complete and 
^onvenieDt device. It is characteristic of the methods generally 






adopted by Messrs. Ganz and others. Alternators thus com- 
pounded will work in parallel as readily as separately- excited 
machines.* 

Another very simple plan is to place the primary of a 
suitable transformer in series with the feeders, and to excite 
the compound coils from its secondary current, redressed. 
Since this current is proportionate to the armature current, 
it is clear that the compounding can bo arranged to any slope 
of characteristic. 

A device patented by Mr. Kapp is interesting in this 
connection. It is shown in Fig, 116. 

* S<( letter by Jlr. E. II. M[s, Th. Elidridan, Maivli 23, 1994. 
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One coil, P, of a small trauBformer is placed id Beries witli 
the feeder, and the other coil, S, is coupled across the station. 
mains. By inserting more or less of the coil S in the circuit 
by a shifting contact, a few auxiliary Tolts are put into the 
feeder by the ioductive action of the abunt-coil. This regula- 
tor may be designed to add a sufficient number of volts to com- 
pensate for any desired drop. It may be applied to each feeder 
independently, although all the circuits are working ofi one 
alternator. This is a distinct advantage, and makes it a most 
convenient device for power plants. The Westinghouse Com- 
pany use a similar arrangement, which they call a " booster." 

§ 46. MEASUREMENT OF PRESSURE AT THE END 

OF FEEDERS. 

The pressure at the termination of the alternate-current 

feeders may be read by means of two transformers, without 

the aid of pressure wires run back to the station. The general 



arrangement is as follows : — ^The voltmeter is in series with 
the secondary circuits of two transformers, one of which haa 
its primary in series with the feeder, and the other its' 
primary as a shunt across the feeder. It is illustrated in 
Fig. 117. 

The pressures of the two transformers are opposed to each, 
other. The secondary pressure of the transformer in shunt is 
proportional to the station omnibus pressure, V ; and that of 
the transformer in series to the primary current strength to, 
and therefore to i„ E, if the resistance be constant. The volt- 
meter will consequently read proportionately to V - I'm R, 
which is the expression for the pressure at the far end of 
the feeder. This principle, with important modifications, is 
employed by Messrs. Ganz and Co. Its application is shown 
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in diagram in Pig. 118, the adjustable resistance in the 
exciter circuit being abo Bhown. The feeders are shown 
at Lj Lj, the shunt transformer at Tj, and the series 
transformer at T^ The secondary circuit of T, is closed 
through the solenoid of the regulator S, the resistances Rg, R^ 
and R^ The secondary of T^ is closed through the resistance 
Kj. The transformers are joined up bo that their electromotive 
forces are in opposition as regards producing a current in the 




I 



Fto. IIB.— Qanz and Co.'s Method of Cnmpenaating for Drop iii Feeders, 

solenoid S. The terminal pressure of Tj is evidently pro- 
portionate to the station pressure. The difference ol pressure 
between the points a and 6, the terminals of R^, will be pro- 
portionate to the feeder current ; and so the pressure between 
the points e and / will be equal to V — i^ R, the pressure at the 
termination of the feeders. The intensity of the current in the 
solenoid circuit will determine the excitation, and hence the 
pressure at the sub-station can be kept constant for variatiou 
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of drop. It will be seen that a Cardew voltmeter is used to 
read the primary pressure. This is made posaible bj a suitable 
ratio of conTersioQ in the transformers. It will be evident that 
these methods of reading the sub-station pressure are onlj 
applicable when the virtual resistance of the feeders is 
practically constant, or varies according to some easily deter- 
mined law, in which case the voltmeter can be specially 
ealibrated to include these eiTects. 



g 47. COMPENSATORS, OR REGULATORS. 
The Thomson -Houston Company use, in particular cases, a 
eompensator, whose functions are similar to those of the " re- 
gulator'' refen'cd to on page 135, with two-wire continuous- 
current feeders and mull iple-wire distributors. This may be of 
use for power work m cases where the regulation of the supply 




I will 



pressure presents difGculties. The plan of connection is show 

Fig. 119, the " compensator" being simply a choking coil, i 

its circuit divided into as many parts as there are sub-ci 

Each of the distributing circuits is assumed to be at 125 vol t^ «■ 

When the load is evenly divided between the circuits "^tzho 
compensator will carry practically no current, owing- to 

the impedance of its coils, which are wound roimd s.'<ift 
iron wire. But if the load be removed from one of thefoiu- 
circuits, the compensator coil, say coil A, in parallel to it wi// 
act as the primary of a transformer, and induce in the remawi- 
ing coils of the compensator, B C D, a secondary current wbicli 
will act in the outer circuit in the same direction as tbe 
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main current, The coils B, C, D will supply I amperes, 
i being the current for twu motors (assuming tlie circuits to 
be equally loadeJ), and the alternator will supply _ i amperes. 
If the two circuits A and B are opened, then the coils i.' and 
D will supply _- amperes, and the alternator an equal number. 
The regulating capacity of the compensator is, therefore, seen 
to be in this case equal to four times the current it is designed 
to carry. It is evident that small differences of load between 
tbe various circuits are readily compensated by this ingenious 
■device, which maybe defined b.i a combination of a truuBtormec 
And a direct system of distribution. 




Fic. 1 



As for as the author is aware, this method of multiple- 
-wire distribution with alternate currents has not been applied 
to power work, although it has been used to some extent for 
lighting in America. The evident objection t« it is that it 
brings the high pressure of tbe primary circuit into th» 
conaumen* premises, and, therefore, constitutes a source of 
danger. A better arrangement for power work, when it is 
defired to ose a multiple-wire distributing syetem, is to divide 
the seoondsry circuit of a large transfyrmer at the «ub-«Uttiou 
into as many circuits as may be required, and at suitable pree- 
rares for the work (they need o9t be of the same value) — vy 
Rg. 120. This Bep*ira.te« the bigh-presi>ur<; mains from the 
distzibuling circuit, and tbe tola! seoondary pressure can be 
Dude tA any desired value. A transformer thus loaded will 
wort as well as if the secondary circuit were not divided, 
and it will maintain Ihe same ratio of preeeure between the 
disUibuiorE, neglecting the drop due to the reoistouce, if th<> 
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primary circuit, as a mhole, adjusts the power according to the 
output. DitBculty, however, may be found if more than one 
transformer be used, unless both the primaries are coupled io 
parallel, and also both the secondaries ; or, better still, if the 
primaries are coupled in parallel and the secondaries in series. 
This latter arrangement requires, for four-wire distributors, 
three transformers, the middle nires being coupled to the 
junctions of the secondaries. 

It must be understood that these proposals o&er no advan- 
tages as regards the transformers: they simply permit the use 
of a multiple-wire distribution, which is a point of some impor^ 
ftnce in power work. 



§48. COUPLING SEPARATELY. DRIVES ALTERNATORS 
IN PARALLEL. 
Before an alternator is coupled in parallel it should be ascer- 
tained to be as nearly as possible in step with those 
already in circuit. The practical methods of judging this 
condition vary with the types of machines and their relative 
sizes and speeds, but in most cases there is no difBcuIty, If 
the alternators are of similar make, all that is necessary is to 
raise the pressure to the omnibus voltage, and to notice that 
the frequencies are approximately the same before closing the 
parallel switch. At the instant of making circuit there may 
be a comparatively large rush of current, and then the bank of 
alternators will drop into step, and the load may be adjusted 
between them, if necessary, by their escitation. The author 
has seen Mordey and Giilclier alternators put parallel without 
further precautions ; but, of course, the lamps pulsated until 
the machines were in step. 

It is customary, however, in most lighting stations, to use a. 
phase indicator. This usually consists of two transformers, 
one of the primaries being coupled to the alternator running 
the load, and the other to the incoming machine. The 
secondary circuits are coupled in aeries with two incandescent 
himps of suitable pressure. The arrangement of details is as. 
shown in Fig. 121. 
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The procedure is usually as follows : — The incoming alter- 
nator, A^ saj, is run up to proper speed, and its field excited 
BO that it gives the terminal pressure of the omnibus bars. 
Sometimes it ia coupled to the station lamps or an artificial' 
resistance, but this is not essential in most cases. The synchro- 
niser switch W is then closed, and the lamps I^ and t^, being fed 
with the joint currents from the transformers T^ and Tj, will bo 
black or luminous according as the alternators A^ and Aj are- 
in similar or opposite phase. The instant the two are in step 
the lamps will become steadily black or luminous (according to- 
the coupling up of the secondaries), and then the main switch 
m^ may be closed withont disturbing the lamps on the outer 




Flo. 121. — Diagram o[ Phase Indicator, or Synchroniser. 



circuit. During the short interval of time required for the- 
machines to get into step, tbe lamps pulsate with luminous- 
" beats" as the lagging machine overtakes the leading one, 
The synchroniser can be coupled successively to any pair of 
the alternators. 

It is found convenient with the Ganz and with moat of 
the Continental alternators to run the incoming machine 
on an artificial load to approsimately the same current as it is 
required to give on the main circuit before using the ayncbro- 
niser and closing the main switch. This precaution seems to 
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be only neceaaary witt armatures of large self-induction, la 
which the terminal preBsure varies considerably with changes 
<ot current. In England it is not customary to use an artificial 
load. 

The Thomson- Houston Company insert a variable impedance 
coil in the armature circuit of the incoming alternator in order 
to check any in-rush or out-ruah oE current. The method of 
using these impedance coils with the synchroniser is shown in 
Fig. 123. 




The impedance coil is shown separately in Fig. 133. Itconsista 
•of a laminated iron ting, with a few turns of well- insulated wire 
wound round about one-eighth oE the circumference, A 
copper sheath ia arranged so as to be capable of rotation about 
the centre. The sheath is of auch width as juat to surround 
■the coil. When the winding is covered, the device corresponds 
to a transformer with the secondary circuit short-circuited, and 
the impedance ta then very slight ; as the aheath is gradually 
removed the impedance increases; when the stationary coil 
is entirely uncovered the device has its maximum effect. In 



BEACTU'E COILS. 

some torma the impedance coil is ahorc- circuited when the 
sheatk completely eDclusea it These impedance coils are 
useful for balancing loads between machinea and for varying 
the pressure of feeders ; they generally act the same as 
rheostats with continnous cinrents, but have the advantage of 
consuming leas power. 

Parallel working is without doubt assisted by using a 
moderate rate of frequency, say not more than about 100'^ ; 
but there is no gain in reducing it below about 50 to 60 "V. 
It is also necessary to synchronise the engines aa well as the 
altematois if the luoaing is to be perfect. This points to the use 




Trapedance Coil, or Dimmsr. 



o! high-speed engines with flywheels and moving parts of small' 
inertia, so as to readily lead or lag as the conditions of 
working may require. For the same reason the engine should 
not be governed directly, as the better the governor tho 
greater the difficulty of varying the rate of speed. The station 
governor should be designed to control the steam ndtnisnion lo 
the bank of engines, and the load should be dlstribiitud pro. 
[wrtionately by varying the excitation. A " trip " Kovernor 
should be u<ed on all engines of thin class, to cheek raoinn 
in the event of a belt breaking or slipping tiff, a fuse blowing, 
or other similar accident 
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% 49. ALTERNATE-CURRENT MEASURING 
INSTRUMENTS. 

It haa already been stated that the energy of an alternate- 
■current circuit ie proportional to the ^meao square value of 
the instantaneous values of the curreat, and it has also been 
stated that this ^meun m^uare is equivalent to that of a con- 
tinuous current that will produce the same heating effects, 
Therefore, alternate-current measuring instruments are cali- 
brated by direct currents, and the readings on the scales are 
accordingly proportional to the ^meaa square of either con- 
tinuous or alternate currents. 



A few hints of a practical nature will assist engineers in 
selecting suitable instruments. 

Some of the most practical forms of instrumenta in general 
use are tabulated in Table W, the names of typical designs 
being given. 



—Examples of Practical lust 
Poiver ^lations. 



ailable for 



Electro-dynamic 
Electro- magu etic 
Electro - thermal 
Eleotro-ststio ... 



fElihu 'niom«.ii,f;^^"''>^V^,"^'' 
j Everahed,Dolivo, -' '"cmsim.aelTiii, 
^AjrtoD tPeny 

Cardew, Holden 

(Kelvin's Multi- 
cellular, Swin- 
burne, Ajrton 
k Mather 



It is desirable, if possible, to have direct-reading pressure 

instrumenta, which are directly applicable to the circuits, 
without non-inductive resistances in aeries with tbem, both 
because the details are simpler and also because the energy 
wasted in the resistance is often considerable. For this latter 
reason electro- thermal, or hot-wire, instruments, although very 
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convenient for reading low presaurea, aay up to 150 volts, are 
objectionable if kept in circuit. For bigb-presaure work the 
most practical inatrumentB are of the electro-static type, for 
they absorb acarcely aoy power. 

If hot-wire iastrumeDta ate used to read high pressures, it is 
advisable to have a voltmeter transformer with a auitable ratio 
between the primary and aeooadary. Thus, with a 3,000-volt 
primary and a 100-volt secondary, a. convenient ratio of con- 
version will be j'g. This transformer method is more espenaive 
in first cost than direct-readiDg with a multicellular voltmeter, 
and it also wastes more power, probably absorbing about 30 
watts in the hot-wire and 30 in the transformer. 



Current-measuring instruments are generally kept in circuit, 
and hence it is important that they should waste little power. 
For reading large currents electro-magnetic instruments of low 
reaiatanoe are perhaps as good as any of the other types. The 
electro-dynamic method has the disadvantage ot requiring 
mercury contacts. The hot-wire principle is used with success 
for measuring current, but the instruments ate necessarily 
delicate, and the author does not advise them for power work 
as a rule. The electro- chemical principle is not generally 
applicable for ordinary commercial purposes. 

Ohmmeters are useful when erecting station plant, but they 
they are not necessary for every-day work. 

Wattmeters, or power meters, are of the utmost importance 
in all stations where economy of prime power is an object. One 
should be placed in the circuit of each alternator, to indicate the 
power given out by the machine. This enables the attendant 
to divide the load between the several alternators according to 
their capacity, and thus to work with the smallest excita 
tion. One of the best forms of this instrument for station use 
is Lord Kelvin's engine-room wattmeter. The appearance of 
the interior of the instrument is shown in Fig. 124. It 
has a main circuit of a double rectangle of copper rod. The 
pressure coiis are made ot fine wire wound ia the shape oif 
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a pair of spectacles, and are in Beries with a non-inductive 
external resistance. 

The general arrangement of the movable shunt coils, the 
suspension springs, and the gravity adjustment for calibrating 
are shown in Fig. 125. Each of these shunt coils has about 
1,000 lums of insulated wire of approximately 1,000 ohms 




resistance. Tiie scale has nearly i 
graduated to read directly in watta o 



niform divisions, and is 
kilowatts, as required. 



Siemens' dynamometer- wattmeter is also a practical inatru' 
ment, but as usually designed absorbs more power than 
Lord Kelvin's. 



k 



If a wattmeter be made recording it a 
in ergmeter, for the load curve ia ea 



iswers the purpose of 
ily integrated by a 
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']>Ianimeter, and thus a oontiauoua record of the station output 
may be kept without much expense or trouble. 

It is not necessary to put the full primary pressure on the 
terminals of the ahunt-coil of the wattmeter ; a suitable trans- 
former may be used to reduce the pressure to a convenient 
fraction, and hence a small movable coil, carrying a mere tiace 
of current, may be used, and will add considerably to the 
accuracy of the instrument. 

I Ergmeters, or energy meters, are not yet in common use, 
■ and are not likely to be much used for power purposes. 

L 



Pine-wire Shunt CoUe, showing 
Controlling aprinjiB removed. 




■ § 50. PRECAUTIONS TO EE OBSERVED IN ALTERNATE- 
CURRENT WORKING. 
Owing to induction and capacity effects, it is usually neces- 
sary in alternate- current circuits to observe certain precautions 
in starting and stopping alternators, in opening and closing 
circuits, and in adding or withdrawing feeders from omnibus 
bars. It must be recollected, however, that these effects are 
largely the result oE the self-induction of the alternators, and 
that generally there will be no difficulty when the armatures 
have comparatively small reactions, as is the case with the 
Mordey alternator, for example. 
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The chief danger to be apprehended is a sudden variation of 
pressure, which may be aufficiently large to break down the 
insulation of the circuit at one or more points or to seriously 
affect the load. This ia due both to the change of conversion 
ratio in the transformers and to the variatioaa of impresaed 
pressure in the alternators. 



The precautio; 



be observed are : — 



Xtvtr open a high-pressure circuit containing self-induction 
or capacity, without first slowing the alternator or weakening 
its eicitation, or reducing the load by an impedance coil. 

2fevfr switch an alternator iato parallel with another- 
machine without first adjusting its esoitation so that the 
couptril alternators will give the proper omnibus pressure. 

^fver switch an alternator out of parallel without adjusting 
its eicitation (and that of the remaining machines if necessary) 
so as to leave the omnibus pressure unaffected. 

An alternator o( large ael f-in due c ion requires to be excited to 



a higher pressure than that of the 



3 bars before 



couplmg 



a parallel, as the terminal pressure will fall considerably when 
the circuit is closed. la taking such a machine out of parallel 
the excitation may be reduced until the current is nearly zero; 
or the speed may be lessened until ihe same end ia attained. 
The switch under these coadttions may be opened without a 
dangerous spark, 

If, however, the conversion ratio of the transformers be 
affected by the capacity of the circuit {aa occurs with step- 
np transformers and concentric mains), then the incoming 
alternator with large self-induction must be under-eseited, in 
order to bring it into such a condition that it can be coupled to 
the active machines without affecting the pressure at the far 
end of the feeders. And, conversely, in taking it out of parallel 
the escitation must be i-aised a little, in order to avoid serious 
sparking on opening the circuit. These eifeeta have been noticed 
in practice, and are explained by an alteration of the capacity 
and self- in duct ion of the circuit affecting the conversion ratio 
of the transformer. 
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SAFETY DEVICES. 

g 51. EARTHING THE PRIMARY AND SECONDARY 
CIllCUITS OP TEANSFORMERS ; SAFETY 
DEVICES. 
In trans rovmer work there is 
pressure invading the Beaondary ci 
may be danger to lite. And this is the more serious, since, 
in moat cases, the leakage is entirely unsuspected by the con- 
sumer. To obviate this danger various arrangenieuts have been 
snggeated, and some have met with the approval of the Fire 
Insurance Offices and the Uuard of Trade. The safest plau, 
perhaps, is to grouud one of the primary cables close up to the 
station (as is done by the London Electric Supply Corpora- 
tion), and to place baCween the secondary circuit and earth a 
device which will ground the secondary circuit the instant 
the high-preaauie current enters the consumer's circuit. This 
will cause a targe primary curreut to flow, and hence tbe 
primary fuses will blow and cut off the premises. The 
danger to life ia entirely obviated, unless the transformer or 
other device has a large electro- static capacity, but this is 
never the case with ordiuary transformers. 

There are three protective devices in general use : Major 
Oardew's " Mouse Trap," Mr. Kent's metallic sheath, aud the 
Thomson- Ho us ton film cut-out. 

The Cardew safety device is shown in Fig. 126. It consists 
of two brass plates placed near together, but insulated from 
each other. Between them is a strip of aluminium foil 
attached by ebonite pins at one of its ends to the bottom 
plate. One plate is connected to earth, and therefore to one 
of the primary mains, and the other to the secondary circuit. 
As soon as a leak occurs between the primary and secondary 
circuits of the transformer there is an electro-static pressure 
betweeu the plates, and when this equals a definite number of 
ToltH the free end of the foil is attracted and makes contact 
with the top plate. This grounds the secondary circuit, and 
the primary current blows the primary fuses. 

Mr. Kent's arrangement consists of an earthed metal ring, 
properly slit to avoid eddies, placed between the primary and 
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stiuoudary wiadiDgB, Ad; fault of inaulation in either circuit 
uau be made to ground the coila aud blow the main fuses. 

Tbefilm cut-out of Prof. Thomaoa ia merely apiece of prepared 
paper between two metallic coatacts. This paper is pierced 
when tlie pressure between the contacts exceeds a predeter- 
mined amount. Thus the paper insulation will easily stand 
the secondary pressure of, say, 100 volts, but will breait down 
instautiy it is subjected to the high pressure of the primary. 
Id practice one of these film contacbi is couaected to each of 
the secondary mains. 





Flo. 126. — Major Carilew'a Ea-rthiii^; Device, for protecUiiR Trauatonner 



Mr. Ferranti has devised a very ingenious method for pro- 
tecting transformer circuits from the risk of partial earth 
(always a source of danger, since a second ground on the same 
circuit will cause a dead short-circuit on the secondary, and 
may cause a fire). This method requires the middle of the 
secondary circuit to be permanently earthed. It is perhaps 
more useful at present aa a. testing device for partial grounds, 
as the Fire Offices' regulations do not generally allow any part 
of the consumers' circuit to be earthed. But for power 
plants, where tbeae restrictions do not obtain, the device is 
most useful. The arrangement is shown in Fig, 127. 
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It will be seen that there are two small transformers across 
the secondary mains, with a ground wire from their point of 
Junction. Their pressures are arranged in opposition, and 
normally no current flows through them. If, however, another 
eaxth, full or partial, is made in one of the secondary mains, 
. the corresponding transformer will cease to produce current, 
and, the balance of pressure being upset, a current will flow in 



/ To Station. 



To Station. , ^ 



Fuse. 



House Transformer. 
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Safety Device Transfornrierd. 



^ 




>^To Lamps. To Earth. | U 

Fig. 127. — Ferranti " Eaa-thing Device," for Transformer Protection. 

their secondary circuit, and will melt the fuse, thereby allowing 
a conical plug to drop into the split cup shown in the diagram. 
This short-circuits the secondary circuit and blows the primary 
fuses. 

It is urged strongly by most of the leading electrical 
eugineers that the secondary circuits should always be earthed 
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as well as the primary. If this were generally practised it 
would be impossible for a plant with defective insulation to 
remain in connection with the high-pressure circuit, for the 
main fuses would blow out as often as the main switches were 
closed. With the existing compulsory regulations, it is possible 
for a bad earth to exist on an installation until a second earth 
reveals its existence, possibly by a fire. 




POLYPHASE ALTERNATE-CURRENT WORKING. 

§ 52. DaGnitioDs ; Twa-phaae Currenta.— ^ 53. Tliree-phaso CurrantB, 
§54. Relative MeriU of Two- phase nod Tlirca-phase Currents.— g 55. 
Poly phase-Current Trausformera ; Diagrauia of Conoectioiu.^S 56. 
Conibination of Two- nod Three-phaaa Circuits.— g 57. Synulironuus 
Polyphase Motor8.-SS8. Preaent Practice in Polypliase Altemtttor* 
and Motors. — g 59. Winding; Starting Torqus ; Power Factor. — 
160. Couibinatiou of Polypbasennd ContJQUOUa Currcnta ; REctiGed 
Currenta. 

§52. DEFINITIONS; TWO-PHASE CURRENTS. 

The term polyphase is applied to circuits in which two or 
more alteroate currents, of the same wave length and direc- 
tion, succeed each other at regular intervals. In practice, the 
number of impulsea is usually limited to two or three, and the 
BjBtenis are then severally distinguished as two-phase and 
three-phase. An alternate current (single or multiple), when 
used to escite field magnets, produces a rotating magnetic field; 
that ia, the axis of the field rotates with reference to space, 
though the windings are stationary. This is seen to be the case 
by considering an ordinary two-pole series-wound motor which 
ia supplied with a single-pbase alternate current. The poles 
will change from north to south polarity at every half period, 
and the asis of the magnetic field may be regarded as rotating, 
mailing one complete revolution in each period. Such a motor 
is, therefore, said to have a rotary magnetic tield, and on the 
Continent is called a Drehstrora motor. A continuous- current 
motor, however, is not adapted for working with alternate 
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currenta of the usual frequencies, Bioce the eelf-inductiau of l^e 
ft eld -magnet circuit ia too large.* 

If two separate currenta, with phaae intervftla of 90deg., lie 
EUpplied to a four-pole motor, in which tbe armature conaistg 
of an iron core with windings ahort-cireuited, either through 
brusbea or else by rings of metal at each end, a rotary 
magnetic field in the atationory part will reault. And 
this will induce currenta in the cloacd coiU of the arma- 
ture whose direction will be auch as to oauae a magnetic field 




tending to stop the rotation of the main field. This will be 
underatoodby examining Fig, 128, which repreaentaa four-pole 
two-phase motor, having neither commutator nor bruahea. 

There are two alternating exciting circnita, AAj and BB,, 
in quadrature. 

' AttemjitiB have been maile, but with little auccesa, to overcame tllii 
difSeiiky by lamiuating the magnabf, lowering the frequency, aud modify- 
ing the windinga, bo aa to reduce the aelf-induotion an muoli as possihlej 
Bud to limit the hystcretio aud cddy-curreiit losaos. Vide " The Distribu- 
tion of Power by Alternnte- Current Motors," by Albiou T. Saell ; Prw, 
Institution of Electrical Engineers, Vol. XXII., part 106. 
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Suppose that A and Aj^ be magnetiBed so as to cause lines of 
force to pasa from A to A^ through the armature G. Then B 
and E^ will be neutral, for there will be no current in them at 

is moment. 



11 gradually die away ; and that 

an equal ratio but opposite 

as is from B to B-, and A and 



Next, the current in A Aj ' 
in B Bi will steadily rise 
direction until the magnetic 
A] are neutral. 

This cycle wilt be repeated, but with this alteration — the 
current in A Aj will rise to a negative maximum {assuming it 
to have been positive before), and the flus will be in the direc- 
tion of Aj^ to A, and in the next wave from B, to B, Carefully 
noting these changes, it is seen that tbe magnetic field has 
rotated once for a complete ro in each of the circuits ; and 

therefore the speed of the field rotation is _, whore N is the 

P 
number of rvj per second and p is the number of pairs of poles 
in oae circuit. lu the case referred to, since p — 1, ttie revolu- 
tions of the magnetic field will be the same as the iiiimber 
of r^. 

In a two-phase dynamo the cloaed-cirouit armature is re- 
placed by a suitable electro -magnet, cicited by a continuous 
current. Two-phase periodic currents are induced in the two 
circuits AAj and B Bj, the phase difference between them 
being 90deg. 



Mathematically the currents in the two 



may be 



Bi = K cos a - 



»(-i> 



which shows the phase difference between the two currents. 
Now K is a constant for the particular machine, and a is a 
measure of the angular motion of the field. It will he seen 
P that the current in AAi is a maximum when a is equal to 
^ and - X, and is zero when a is equal to and it. The 
of this is tbe case with the 
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Two-phase current circuits are usually worked with four 
wires — two for each circuit — but three wires, one having a sec- 
tion 1*41 times as great aa that of each ot the others, may be 
used. The latter arrangement ia possible because the large 
wire will act as a common return for the two currents, the sum 
of whose instantaneouB values is 1'41 times that of either. 
This will be seen on reference to Fig. 129, in which the full line 
curves relate to tbe impulses acting in the directions A A, and 
B Bi; and the dotted line curves to those in the direotioos 
Ai A and B, B. 

Curves A and B show tbe current- fluctuations in the two 
circuits, and D that in the common return. The magnetic field 
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Fig. 129.— Diogram of Two Poriodic Currents with a Common Retuni. 
Phase Difference of 9(Meg. 

will be caused by A and B alone, and, therefore, will be pro- 
portional to their sum at any instant. When A is a nmiimnnk 
B is zero, and the induction at this moment is proportional to 
the current in A alone, and is equal to, say, i sin ^^ = i. When 
A and B are equal, as at 135deg. of field rotation, the induc- 
tion is proportional to 2 i sin 135deg. = 1 1 '4. Thus the current 
varies in intensity between 1 and 1*4. 

To illustrate the fluctuation ot the field escitation the sign 
of the negative curves in Fig. 130 may be changed, and they 
may be plotted above the time line aa if they were positive in 
value (s^eFig. 130). 
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This diagram ib Justified by the codbi deration that each 
I circuit in the motor contains at least two coils wound in opposite 
I directions, and thus produces poles of different signs. 

In Fig. 130 tbe escitation fluctuation is shown by the top 
urvoB, which may be regarded as having reference to one of 
the poles of the rotary field, say the north pole. 

Since the theoretical mean variation of the exciting current 
IS as much as 15 per cent., it may be supposed that tbe 
magnetic induction also Taries by nearly as large a percentage, 
but this is not the case. These curves are deduced upon the 
supposition that the exoiting circuits have no self-induction, 
whereas, on the contrary, they have much. And, further, 




L the resultant field cannot vary in intensity between such 
' iride limits as those indicated in the diagram. Indeed, it 
is safe to assume that the field will be nearly steady as 
long as the effective values of the two currents are equal and 
their sum is constant. Armature reactions introduce serious 
complications, for their effect depends partly upon whether 
the current leads or lags the impressed electromotive force, 
and partly on tho amount of the phase difference between 
the pressure and current. As already pointed out, when 
considering single^phase alternate-current machines, armature 
reaotiona tend to magnetise tbe field when the current leads 
and to demagnetise the field when it lags. The effect will 
be a maximum at starting, will decrease as the armature 
speed increases; and will be nil if the speeds of armature 
and field coincide, i.e., if the motor works sjnchronoualy. 
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I 53. THREE-PHASE CURRENTS. 
Three-pbaae current working pre§eiita aevera] advantagea, 
but eataila complicutioDB ia the design of the machine, and 
also in the regulation of the preaaure, because the three cir- 
cuits are connected. This is demonstrated in the following 
abstract from a paper by the author entitled "The Dis- 
tribution ot Power by Alternate-Current Motors," which waa 
read before the IciBtitutioa of Electrical Engineers in the spriog 
of 1893. 

Fig. 131 represents diagram mat) a ally the phases of three 
equal periodic currents separated hy intervals of 120deg, ; the 







full and dotted lines referring to the direction of the impulsea, 
as already explained for Fig. 129. If A, B, C represent the three 



currents, thea their iostantaneouB values ai 


e severally given 


by;- 

A-Ksino, 




B.K,ra(<.-|.), 




C.Ksm(«-|i). 




No»,K{.ino + ,m(«-?>r) + .m(o-l;r)} 


- 0, as is easily 
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It Diaj bo seen that the a.^- 
valuea of the three currents is equal t 



algebraical sum of the instaDtaoeous 
Qts is equal to zero under all condi- 
tions ; for, even when one of the quantities ia etiual to nought, 
the remaining two are equal, and, being of opposite sign, cancel 
each other. 

Three-phase current working is accomplished by parallel or 
aeries coupling of the circuits, the two methods being aeverallj 




r—^ 



1. 132.— Parallel, 



Closed Circuit, or Triangle Three -phase 
Coupling. 



known aa the triangle and star sjetema. In the following 
diagrams large capitals are used to distinguish the mains, and 
small letters to denote the windings. Sufiisea ate used to mark 
the phase order of the c 



The parallel or closed circuit, or triangle coupling, is shown 
in Fig. 132. Let Ij, T^, I^ he the effective values of the several 




Fifi 153. — Three -phiiae Dynamo coupl&l to ;v Mot 



currents flowing in the mains, and i\, i^, i^ the corresponding 
effective currents in the coils. Also, let V,) Vj, Vg be the 
effective pressures at the terminals of I'j^, i^, i^. And assume 
there is no self-induction or capacity. Then, if the load be 
equally distributed between the mains, we may assume 
I^ = Ij = l3, j\ = ij = j3, andVi = Vg = V3. 
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Also, since i is in phase with v, and I lies 30deg. removed 
from i, it follows, if the mains be fed with a combined 
three-phase current (as in Fig. 133), that the current in 
one main will dififer in phase by 30 deg. from the pressure 
between it and the two other mains. This follows from the 



I. 




Fig. 134. — Diagram of a Three -jjhase Circuit. 

geometrical relationship of the coils and the mains. And the 
efifective value of the current in each of the mains is equal 
to 1*732 times the effective current in each of the coils, when 
the circuits are equally loaded. In Fig. 134 let the currents in 
the mains and in the coils be considered positive when flowing 




Fig. 135. — Diagram of a Three-phase Circuit. 



in the direction indicated by the arrows. The phase and 
nitude relations of these currents will then be represented 
Fig. 135 ; and if this diagram be supposed to revolve unifori3»-^y 
around its centre, the length of the projections of the sicL^® 
on any fixed straight line will represent the instantaneo"*^"-* 
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values of the corresponding currents ; for it is plain tliat 
.these projections satisfy all the neceaaary conditions, viz. : — 



All instantaneouB valuea — i.e., the 
lengths of the projections of the 
15 + 13 = corresponding aides of Fig. 135. 

■ L = ' 



Again, the aides of the diagram are proportional to the effec- 
tive values of the corresponding currents ; and, it the load 
be equally distributed between the three mains, then for 
ofiective values, 

I, = I, = I.,, ;, = ij = i., ; and Ii = 2 ij sin GOdeg. ; 
or, generally, 1 = 1-732 1, 

This proof is due to Dr. W. E. Sumpner, Profeaaor of 
Electrical Engineering at the Battersea Polytechnic. 




Fio. 135. — Digram ol Relative Position of Curves of Currents in Muns 
and CoiU of a, Cliaed-type Combined Ttree.phaso Circuit, with no Self- 
Induetion or Capacity. 

By a simijar diagram the relation between the effective 
pressures on the coils and mains in the open or star arrange- 
ment can be shown to be V = 1732 v. (See Fig. 137.) 

The relative positions of the phases of currents and pressures 
in the mains and coils of a combined three-phase circuit of the 
closed type with no self-induction are shown in Fig. 136, V and e 
having the same value and coinciding in phase. It will be seen 
of the currents in the mains, I, are always 
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midway between those oE the coils, i, and that the pbiee 
differeace between them is 30deg. 

The serine, open rmvit, or star coupling ia shown in Fig. 137 

Aa before, let there be no Belt-induction or capacity, and let 
h-^a-h' 'i = h-'3; and V, = V, = Vb. Now, since tha 
mftins, I, are in series with the coils, e, and there is by hypothesis 
no selt-inductioQ or capacity, Ii^j'i, Ia = »i!. and 13 = t^. Bnt 
the pressures between the mains are not the same as those at 
the coil terminals, and v wilt be in advance of V by 30deg., and 
will be numerically equal to ■ ; , ^ or r = Y > therefore, 

V= 1-732 I'. 


\ ..L ?' , i 




The phases of current and pressure in a combined three-phase 
circuit of the open type are fahown in Fig. 138, 1 and i having 
the same value and coinciding in phase. 

The conclusions thus arrived at are true only on the aseump- 
tiona (a) that the coila themselves have no self-induction, and ' 
(b) that both the coils and the mains are equally loaded. The 
first condition ia never found in practice, and the second is j 
only likely to obtain with small motors, and then only in an J 
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approximate degree, 
the current iu the 
terminals. 



TKe eSeot of self- induction is to cause 
oils to lag behiud the preBBure at the 



) exactly the power in a thiee-phase system is 
difficult ; but it can always be done by measuring ihe work 
performed in each oE tho separate circuits, and adding the 
quantities. 



In Fig. 136, the power = 3 t v = 3 x V 



I 



= V>cIxl-732,if 



the three circuits be equally loaded and there be i 
indaction or capacity. 




Fio, 13S. — Diagram of Relative Position of Curves of Pressures and 
Currenta in the Coila aud Mains of the Opett-li/pc Combiued Three-pliase 
Circuit, with no Self-induction or Capacity. 

InFig.l37,al30,thepower = 3tw = 3xI-^ =VxI>;l-722, 
on the same asaumptioiis. 

So it appears, if there bo no seJf-iuduction and an equal load 
in each circuit, that the number of amperes in one of the mains 
multiplied into the pressure between two maius into 1'732 
gives the power iu watts. If there be self-induction, the above 
quantity must be multiplied by the cosine of the iingle of lag 
between tho current and tho pressure. The energy absorbed 
by a motor, therefore, will be espressed by 

VxIxl'732coa</., 

wliere 4- '^ ^^^ angle of lug. 
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Dr. W. E. Sumpaet suggests that when the three oironite sk 
equally loaded the power can be measured by one wattmewt 
{sec Fig. 1 39). Pub the current coil in one of the maiuR, aay Ip 
and take two readings, one with the pressure coil coupled 
between I, and Ij, and one with it coupled between Ij and I,. 
The two readings will be found to be of the same value, and 
the power will be equal to their sum. 



I 




Fin. 139.— Method ot MeasuritiB Puwar in Three-phase Circuit, mth 
Maina equally Xiosded. 

When the load is unequally distributed, two wattmeters ate 
required (see Fig. 140). Place the current coils in two of the 
mains, say I^ and Ij, and oouple one pressure coil between 1, 
and the other between I„ and I^. The poi 
n of the two wattmeter r 




This method of measuring power is applicable whatever the 
iaw of variation of the current, and however unequally loaded 
the mains may be. 

It has been shown on page 258 tbatwith combined three-phate 
currents, even when neglecting the self-induction of the coilB, 
there is a constant phase difference between the current and 
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the line pressure. This, although not in itself a. direct Iobs, 
causes difficulty in measuring, regulating, and controlling the 
'Currents. Hence it has been found espedienC to work the 
dynamo circuits unconoected aud to use six or more separate 
coils. The currents from these are combined by a suitable 
transfoTmer so aa to convert the secondary currents intoacom- 
bnel high-pressure rotary current, with phase differences of 
120deg. This high-pressure current is reduced at the motor 
«nd of the line by another transformer and subdivided as re- 
quired. 

It is not a simple matter to represent the intensity of the 
magnetic field by a diagram, for the magnetism is not merely 
the result of the exciting current in the field coils, but is also 
largely affected by the magnitude of the induced currents in 
the closed coils, which vary from instant to instant with the 
fluctationa of load. There are two periodic currents acting 
in the closed coils — one of high frequency, equal to the 
number of the pairs of field poles multiplied into the number 
of revolutions per second ; and one of lower frequency, which 
depends simply on the difference of speed rotation between 
the revolving field and the rotating coils. 

The low-frequency current produces the torque, and is 
bigheat at starting, when the dip of the armature is greatest. 

It ia expressed numerically by — -~— , where N^tbe number 

of revolutions of the magnetic field per minute and n = that of 
the rotating ooile. For example, if N = 2,400and m=1,920, 
then the frequency will be 8 per second. In determining the 
excitation for polyphase motors and dynamos it is, therefore, 
necessary to make two calculations, one for fidl and one for 
light load, just as with direot^current machines. 

It is clear that it is not possible to represent the changes of 
the rotary field magnetism by a general diagram. Fig. 141, 
however, shows diagrammatically the relative position of the 
current and pressure curves in a combined three-phase circuit, 
with the resultant excitation, assuming the armature reactiona 
to have no effect — i.e., the field and coils are supposed to 
rotate at nearly the same speed. An arbitrary angle of lag of 
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30deg. between the pressure and the current in the exoltiBg 
coils htia been assumed, and the curves bave been drawn to 
suit the sine law. The pressure is shown in V V, and the 
current in i I. The resultant; excitation is indicated in cunei 
KR, the limits of which are 2t and 1732 i, a mean ditferenw 
ot about S per cent. 

This is true only when self-induction and armature reaotionB 
are neglected ; if these be taken into account, it is sufficiently 
clear that the field is approximately ccustant, and that is all 
that is necessary in practice. 



The torque will vary with the a 
of lines of force in the circuit. The torqut 
is the current iu the short-circuited coils, C is the number oE 



's-tums and the number 
= ^4^, where i. 



^/^/ 




a constant, and N is the magnetic fluj 



resultant field. 



The magnetism is determined by the excitation, and the 
number of turns of wire is, ot course, fixed for a given design; 
hence, to increase the turque, it is neeesaary that the moTing 
part rotate more slowly^that is, the slip must be increased. 
This raises the frequency, and consequently the magnitude, 
of the current in tlie closed coila, thereby weakening the 
resultant field and lowering the counter electromotive force of 
the exciting coils, and allowing more current to flow in theiB> 
But, since the resultant magnetism decreases ae t" 
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the closed coila increases, there is a point at which the torque is 
This corresponda to a. definite line current, which 
,rily the starting current, and heuce these motors 
do not necesBEirily exert their greatest eSbrt at starting. 

To obtain masimum torque at starting, it is necessary to 
iiiaert resistanoea in series with the closed-circuit coila. The 
function of the resistances is to determine the critical current, 
thus limiting the armature reactions ; and also to regulate the 
lag in phase between the currents in the closed and exciting 
coils. 

In order to avoid large rushes of current when closing the 
lino circuit, it is advisable to inaert variable reaistancea in 




Fig, 142— C m e1 i.* and /'tfrafti Tljree-pUase Cuupiiufs. 

-series with the closed w ndings. This is specially necessary 
with large mai-h nea (s e ^ 59, p. 393). 

In order to obtain a more constant esciting current than that 
given by the arrangement shown in Figs. 133 and 137, Mr. 
Dobrowolski has devised a very pretty combination of the open 
and closed type windings, which reduces the mean variation of 
the excitation to 3'5 per cent. The winding is shown diagram- 
matically in F.g, 142, and is known as the double-linked 
winding. The coils indicated by the symbols i\, *'„, t'j, are 
severally wound in two parallels, I5deg. removed from the 
closed coils ij, iy, ij. The complicatioua involved are consider- 
able, and the gain perhaps not commensurate with them ; yet 
for large machines the device may prove useful. 
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There are some important differences to be noticed between 
the terUs amA parallel cotinectiona, IE haB been sbown that iritb 
the uriei coupling v = — — — {»te Fig. 137), and that the cur- 
rents in the coils and mains are the same ; and in the 'pardlii 
device {iee. Fig- 133), that each coil carries a current equal to 
— ___, and that the pressure at the coil terminals correeponds 

to the pressure between the mains. These differences are 
suggested by the terms parallel and series, which are in tliis 
respect more apt than those of triangle and star. 

I>, 





Fn^l43. FiQ. 144. 

Diagram shoniug Ampere. Diagram ahowiDg Amjierfl-tunia witli 

turns with Parallel Cuu]iliiiE. Seriea Coupling. 

Now, the magnetising effect eserted by a given number ot 
turns of wire, and a definite effective current in the mains, will 
be different with the two kinds of windings. 

Consider Figs. 143 and 141, which severally represent the 
parallel and series couplings, and the direction of current at 
the iuatant when it is entering by one main and returning 
equally by the two others. Let n be the number of turns of 
ivire in one coil. Then the total ampere-turns iu the paralld 
device is n I, and in the teries arrangement - » I. Therefore, 
the magnetising effect, and also the self-induction, of the seriei 



TWO-PHASE AND TBREE-PHASM CURRENTS. 



43.evice is greater than that of the parallel for a given ourrent 
Chi 13d a fixed number of turns. The total power absorbed by the 
't'^o circuits may be made the aame by a proper adjustment of 
ptresaure. 

g 54. RELATIVE MERITS OF TWO-PHASE AND THREE- 
PHASE CURRENTS. 
Experts differ as to the relative merits of two- and three- 
f>baee currents. As regards the alternators and motors there 
as, perhaps, not much to choose between them. Machines 
designed tor similar outputs, whether synchronous or non- 
^jnchroQOuB, are found to have about the same efficiencies, 
starting torque, weight, and apparent watt consumption. The 
'C:-hree-phaBe machines, however, are the better, according to 



•: 2G7 1 

irrent I 




FlO. 145.— Single- phttae Sjateia. 
««' = Effective Preasure of 3,550 vnlts (mc Table S, p. 268). 
y y' = Maxiniuin Presaura of 5,000 volts. 

eiperiments made by Mr. Kolbein, the chief engineer of the 
Oerlilton Worlis. As regards the winding details, perhaps the 
two-phase type is the simpler. The main difference between 
the two systems lies jo the relative weights of copper required 
in the conductors tor given conditions, and the ease with which 
the currents may be handled, regulated and controlled. 

The first esperimenta with three-phaae working brought to 
light difficulties in the regulation of pressure between the 
three mains at the points of supply, when the currents in the 
three circuits were not approximately the same. These, though 
since to sjma extent overcome, are greater than those with two- 
phaae currents. The difficulties lie chiefly with the design of 
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alternators and trans tormera. Two-phase ourrents, if worked 
with tu/o separate circuits, lire as easit<^ dealt with as siogle- 
phase currents, and serve readily most purposee to which 
single or poly-phase currents are usually applied. They are 
specially convenient for distribution. It may he safely inferred 
that two-phase currents are better adapted for a combined 
service of light and power work than three-phase currentB, 
which ate better adapted for running with oqnally loaded 
circuits, and therefore are not generally so suitable for lighting 

For simple transmission of power between two distant points, 
however, the requirements are different, and the three-phase 
current system is generally cheaper than either a continuous- 
current or a oue-phasc or two-phase alternate- current Byatetn, 




FlQ. W5.— Two-phnsB SjBtem. Three Wires, 
nx'^EffectivB Working Preasure of 5,550 volts. 
yy'=M».jurauiQ Working Preasure of 6,000 volts. 
sz'=Miijdmum Component Pressure of 7,100 volts. 

This interesting and important problem may be considered 
□ three ways, each of practical value : — 



(1) On the basis of 
conductors ; 

(2) On the basis of effeotiTC pressure at the distributing 
Station (or motor terminals, perhaps) ; 



difference of press 



(3) On the 



s of the economic I: 
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The ratioB of the weights of copper under these conditiom 
are stated in tabulated form in Table X, p. 268, in which, to ghe 
a praotiual character to the figures, a definite power has been 
selected for trauamiBsioa to the receiving etatioD. Conitatit 
line loss and constant fall of pressure have also been considered. 



In the final column the economio law has been considered 
to the exclusion of both a definite line loss and line drop, the 
equivalent current being taken as in column 3, In practice 
the weights will be modified bj local considerations ; but the 
main ratios will hold good, and the figures given form, 
therefore, a reliable guide between the relative merits of the 
systema as affected by the weight of copper. 




111:' = EffeetWe Working Presaure of 2.500 volta. 
y y'— EffootivQ Component Preseure of 3,550 volts, 
z s' ^ Moiimum Coraponent Preuure of 5,000 tolta. 






The significance of the difference between effect!' 
maximum pressure is at once apparent it Figa. 145, 146, 147, 
and 148 are esamined. 

In these figures the electrical centre of gravity is shown 
graphically. In any electrical circuit of good or bad insulation 
there is a datum pressure with reference to the variations of 
pressure in the circuit. For example, in a continuons-current 
circuit the absolute pressure of the negative pole of the 
dynamo will have a constant ratio to that of the earth's 
surface at the particular site, and the difference of pressura 
between it and the positive pole will simply affect the absolute 
pressure of the positive pole. And, if the negative foit 
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grounded, tie datum pressure will be that of the eattb'a 
surface. 

Again, with an alternate-current circuit, with both poles 
insulated, the cyclical c-hangea will alternately raise and lower 
the absolute pressure above and below zero pressure, which 
corresponds to that of the earth's surface. Thus, in a circuit 
carrying a current of 5,000 effective volts pressure, the maii- 
miam pressure between any two points of the circuit will be 
5,000 ^2 = 7,050 volts, while the absolute pressure will be 
only 3,625, positive or negative. The stress through the 
insulation to earth will, therefore, be only 3,525 volts. 

But if the circuit be grounded, say, at one of the main 
terminals, the absolute pressure between the other terminal 



Fig. 148.— Three-phase System. 
35*' = Effective Pressure of 3,550 volta. 
y I/' = Maximum Preasuro of 5,000 volta. 

and earth will be T.O.'iO volts, and therefore the iosulatioa all 
over the high-pressure circuit will be subjected to this stress, 
although the effective working pressure will remain as before. 

This possible change ia the stress upon the insulation of a 
circuit carrying an alternate current has led to the general 
practice of earthing one of the primary mains, usually at both 
the generating and distributing circuits. The maximum stress 
is thus accepted, and suitable precautions adopted to safeguard 
against accidents ; and, as already pointed out in g 51, p. 347, 
additional security ia gained because a fault in the other main, 
at any point, at once blows the fuses and disconnects the faulty 
section. 
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With two-phaae three-wire circuita it ia permiaBible to eaitli 
the middle wire at the generating station, wbicb then is at 
zero preeaure. The same precaution ia observed with the 
"a'ar" coupled three-phaae ayatem (see Fig. 155, p. 277). With 
the "triaiigle" three-phaae BjBtem it is not permiasible to 
earth either of the mains, since the earth would then tona 
part oE the circuit. 

U appears, then, that, from consi deration a affecting prime 
coat of line, the three-phaae ajatem is cheaper for long-diatance 
transmission than either single-phaae or double-phase ones; 
and that continuous- current aystema are the cheapest of all, 
but are not admissible for estra high preasurea. 

The aeleotion of a ayatem for long-distance transmission 
of power will mainly depend upon the maximum permiaaible 
pressure. If it be [loasible to work at such pressures as are 
feasible, in the eogiueer'a judgment, for continuoua-current 
dynamos (cou^iled in aeriea or otherwise), then there can be 
no donbt, from cousiderationa affecting the line, that this 
will be the cheapest and best ayatem. But if estra high pres- 
sure be deemed advisable, then the three-phase system will 
generally prove the cheapest.* 

In connection with this question it ia important to notice 
that the engineers responsible for the electric power plant 
being laid down at Niagara have finally, after mature con- 
sideration, decided upou a four-wire two-phase system. The 
reasons for their choice have been given by Prof. George 
Forbes, in a Paper entitled " The Klectricu! Tranauiiaaiou 
of Power from Niagara Falls," read before the Institution of 
Electrical Engineers on November 9, 1893. The details of 
the scheme have been strongly criticised by English experts, 
and the choice of two-phase currents ia open to doubt. 
When it is considered that Buft'ilo, the nearest large city, ia 

■ Thfl goaeratiiis plant may perhaps be s. two-pliase one, witli suiUbla 
et«p-u]i twu-lo-tliroe-phiise trana formers, as propoaed by Mr. Scott, of the 
Weatiaghouiie Cuniiiany. And it may alao prove economiutl to trauafarm 
tbe pluuB again at the rec«i»ing station. The iugsnioua prgposala of 
Mr. Scot', however, have not yet been verifieil in practice ; but there aeem* 
lo doubt of their fen&ibility and usefulness {set § 56, p. 278). 
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fifteen miles distant, it is clear that the weight of copper will 
be a very important item ia the cost of the whole plant, and, 
in the author's judgment, a three-phase system would prove 
more econoioical in first cost and give as good pressure regula- 
tion as the two-phase. For it must be recollected that there 
IB a line diflereace of pressure of 20,000 volts, and hence step- 
down transformers will have to be used at every point from 
which power is taken. The main line drop will, therefore, be 
as difficult to regulate with two-pbaae aa with three-phaae 
currents ; and variation ot pressure of submains of the distri- 
buting systems can be as readily controlled by using inih-in'n- 
lieiit secondary circuits from three-phase transformers aa from 
Tndqjendenf secondary circuits of single or two-phase trans- 
formers. Prof. Forbes's argument that two-phase currents ate 




more easily reitn-nscd than thiee-pbase curreata ia probably 
Boundj but the fact that for large powers no form ot alternate 
current has yet been made unidirectional in a practical manner 
cannot he ignored.* The use of a frequency of 25 (\> per I 
second is a departure from the best practice of to-day j 
(see § 58, p. 234). 

§55. POLYPHASE-CURRENT TRANSFORMERS; 

DIAGRAM OF CONNECTIONS. 

The principle of polyphaae-current transformers is the same 

as that of aingle-phuse tranaformera. With two-phase currents- 
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it is usual to couple single-phaBe tranaformera across each ot 
the circuita, as showti ia Fig. 149, in which there are four con- 
ductors of equal section. IE three were used, the middle one 
having 1-4 timea the area of each of the outer ones, the trana- 
formera could still be coupled aa above : but the pressure 




Tlti. 150.— l)(AirowDUk[Tliree-|)l] 



variation would be greater than with the «■ 
ment, especially if they, or the conduetorH, o 
d much capacity oi self-ioduction. 



With three-phase currents it ia usual to employ combined 
transformers, aa it is important to balance the load on the 
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three circuits, but three separate aingle-phase tranBfonuers 

may be used. Various Forms are ia use, such as that ahovD 
in Fig, 150, which shows the Dobrowolski type. One of the 
methods of coupJing the coanectiooa is giyeu in Fiij. 151. 

This figure also illustrates one method of winding the primary 
and secondary circuits. Owing to the phase differences between 
the currents in the coils of the inter-connected circuit and the 
pressure between the mains, there is a loss of pressure of •■ 'xiat 
13 per cent, in the ratio of conversion as compared wi;h a 
6iDgIe-pha.ae transformer. Mence the number of turns in the 




Flo. 161. — General Diaeram showing one ot the Methoda of Winding the 

CoilB of a. Three -[ilijiae Traunfurmer. A, E, C : Iligh-preaaura maina and 

coila. 1, 2, 3, 1', 2', 3": Low-presaiire drcuitg, which, may be eombined or 

I separate, Tlie phases are the some in opposite coils. The iron core 

is in^catod by the dotted lines. 

primarycircuit must be increased in this ratio. The efficiency 
is, perhaps, not quite so high as that obtainable with the beat 
designed single-phase transformers, but it certainly e^tceeds 96 
per cent, at f'jll load, and the curve can be made to any slope 
by suitably proportioning the weights of iron and copper as 
already explained in g 37, p. 205, when considering ordinary 
traasformerB. 

A three-pbase transformer weighs less than three separate 
single-phase transformers of an equal aggregate power, the 



ratio of weight being about 3:4. Thia increase of weight 
efficiency is partly due to the magnetic flux diyiding in a 
eimilar manner to tlie ciirreot. Tbe flux in one leg ia in the 
opposite direction to that in the other two. But the flow in 
one of the two increases, while that in the other decreases. 
The cycle is thus continually changing, each leg in sucoeMion 
becoming the return for the magnetic flux in the other two. 




< 



Fig. 154.— Diagniin ot 
A, Allemaloi:. 31, MaCor, 



mucttiom of a Tluee-pliaao Circuit. 

1, Step-Up Transformer. %, Sl*i'Di>" 



The weight is also reduced to some extent, because the design 
permits of tbe framing and yokes being made lighter in pro- 
portion to the cores than is possible in the single-phase type. 



In high-pressure transt'ormeta the high-preasure coils are 
generally inter- conn acted, and the ends are usually protected 
by glass tubes to a considerable height above the level of the 
ooils. Tbe low-pressure coils have separate terminals to permit 
of coupling up to separate circuits. 



Fig. 155.— T>i.igram of Cunoeoliona of t. Tbreo-phaee Circuit. 

I A, Altpni,it.n-. II, Miitor. T„ Stop-Up Tiauaformer. T.j, Step-Down 

Traiisformer. e, Earth Platea. 

Table Y, p. 285, gives some interesting data of Oerlikon 
I three-phase transformers, designed to work at line-pressures 
f up to about 5,000 volts. 

Three-phase transformers work in parallel just as eflectively 
I as single-phase ones. The general schemes for a transmission 
with polyphase currents, with and without step-up 
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tranitformerB, is shown in Figs. 1S2 and 153. The detaila * 
are clearly illustrated. In the high-presaui-e aystem only one 
trausformer is shown, but a bank of transformers might be 
arranged if necessary, 

Two methods of arranging the conuectiona of three-phase 
circuita witli atep-up and step-down tranaformers are given in . 
Figs. 154 and 155. 

g 56. COMBINATION OF TWO- AND THREE-PHASE 
CIRCUITS. 

It has already been shown that three-phaae currents preaen^ 
advantages for transmission as diatiuguished from distribntioi*., 
and that two-phase currents ate specially adapted for serving 
sub-divided circuits. A combination of the two systema is 
thus suggested and necessitates a phate conversion at ths 



Fig. 156.- 




Tliree-phnae Diagram. 



distributing centre. Various iuveotors have worked at this 
problem, and some have attempted to change the frequency as 
well, for this is also of great Importance in long-distance trans- 
mission of power. A eolution of the latter has not yet been 
published in a practical form, altbougb it is in the air. But 
the former has been apparently solved by Mr. Chas. F. Scott,* 
the chief electrician to the Westioghouae Company. The 
method is simple and practical, and ia an ingenious application 
of the fact that two alternate preaaurea of different phase in 
series with each other do not give a combined pressure equal 
to the sum of the components. 

Thua, if in Fig. 166, AO and OB severally represent in 
phase and magnitude two pressures in quadrature to each 

• Prof. S. P. Thonipaon has indepeodently developed the Bftme idt*. 
See British AsBOoiatiou Paper eolitled " Some Advantages of AltemBlfl 
Carieata" (Tlic Electrician, August 24, 1894, p. 481). 



rilASE CONVEESWy. 






^tlier, and also iii eeiies, the resultant pressure will be repre- 

ited in direction and magnitude by the bypothenuse AB of 

3 right-angled triaugle A B. If A and B be so pro- 

tioned that the angle ABO is GOdeg., the relationship 

B evidently unafleaEed. The triangle A OB, Fig. 156, is con- 

tructed to suit these conditions, and forms the half of the 

iquil&teral triaugle ABC, whose aides iteverally represent in 

Boagnitude the three preasurea acting in a three-phase circuit. 

, from the construction, and from what bos already been 

|iemonstraCed in |^ 52 and j; 53, it is evident that the pressures 

represented by the lines AO and OB may be combined to 

l^ve the two pressures repreeented by the lines A C and A B 



The three-phase diagram ACB may also be dra 
S'ig. 157j in which A is the resultant of AC and AB 



Fjo. 157.~Two- to Three-phEige DiHgrun, 

r coils producing the pressures AO and BC be supposed to be 
each wound on separate ordinary type single-phase transformers, 
and if there be two separate coils wound outside each of them, 
a o and h c, the arrangement may be diagrammatically 
represented by Fig. 158. 

Then a three-phase system may be supplied from the 
I terminals A, B and C, or a two-phase from those marked a, o, 
b, c. (In the diagram, the transformers may be imagined 
L to be feeding three-phase transmission mains at high pressure.) 
I The arrangement is simple and effective, involving no mechanical 
I details. It simply requires suit ably- wound transformers at the 
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jbaae convenion station, where tbe pressure may be raindMj 
lowered as required. 




iVvA/WWVWlc 



The number of turnB ia tbe coils can be adjusted to give 
any preseure betweeu tbe several inititis ; but if the pressure 
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-1000 V 



Three Phaae. 
Fia. 159.— Dingnuii of Pressure Diatriliu 



I 
to ThrcQ-PIW^^ 



between the three maina of tbe three-phase part be of tbe same 
value, as is usual, then tbe number of turaa in the two-phaae 
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coilfl must be in the ratio of 2 : ^3 ; the ooil c 6 having, say, 
200 turns, ftud the coil ao 173. This ratio ia determined by 
the phase difference of 30deg. between the line and coil prea- 
Bure {see § 53, Fig. 137, p. 260). 



The distribution of pressure will 



a from Fig. 150. 



This system enables a three-phase line to feed three-phase 
motors direct at the line pressure, two-phase motors through 
transformers, and lightiug circuits in two instead of three units. 
These various operations are indicated in Fig. 160. If the 
transformer which supplies direct from the terminals (C U, c 6, 
Fig. 159) be loaded and the other be on open circuit, a 
single-phase current can be supplied at normal pressure, 
independently of the other circuit. 
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Bio. 160. — Diaeram of Two-p1iase Alteriiatdrs, Three-piiaso Liiio, Two- and 
Thre<!-pli3ie Mntord, aud Lamps in Siagle-phiuG Cin;uita. 

lut if the transformer (A 0, ao) ivhich supplies through 
the three mains be loaded and the other be on open-circuit, 
then a single-phase current can be supplied at a pressure ecgual 
to only 87 per cent, of the normal. Two mains on one side 
will be in parallel. The self-induction of the idle transformer 
ill not affect the circuit, for the current entering at the 
middle of the winding divides equally in opposite directions 
through the two halves of the coil, and thus completely 
ralises the self-induction. The ohmic resistance of the 
winding has to be overcome, but this loss is more than com- 
pensated by two of the mains being in parallel. 
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These conditions of running are not likely to be used miet 
ordinary cirouni stances. Yet one of them may prove of greii 
advantage in the case of damage to pai't of the system— fat 
insliince, it one side of the alternator be damaged by iightuing 
or other canaes. This feature may be made the means qI 
minimising accidents, especially if the alteruatore are of tk 
Bingle-phaae type coupled rigidly in nuadrature. 

The efficiency of two transformers arranged for converting 
from two-phase to three-phaae, or vicf verad, is aaid to be aboM 
^ijth per cent, leaa than when the same transformers are used 
with single-phase currents at corresponding loads, 

g 57. SYSCHUOSOUS POLYPHASE MOTORS. 
Polyphase alternators make excellent synchronous motAfi, 
and are said to keep step better than single-phase machines, 
the link between the rotating magnetic field and the revolving 
piirt being more flexible. The line current is ted to the 
revolving part of the motor, and the stationary part is con- 
structed of solid cast iron, with or without windings. 

If there be no windings on the stationary magnets tha 
torque is due to induced currents in the non-laminated 
pole pieces. This design is not adapted for a high efficiency 
at starting, and therefore it is usual in most cases to provide 
« secondary windings to assist the initial torque. This need not 
involve any complicated device. 

Synchronous polyphase motors are specially suitable tor very 
large units, since the bulk of the machine consists of cast iron. 
They are therefore cheaper than induction polyphase motors o£ 
the same capacity. And, what is still more important, they 
cause no lagging current in the line except at starting, and 
therefore have a power factor of 100 per cent. This type of 
motor is likely to be used largely in the near future. lU 
general appearance is indicated in Fig. 161. 

A good example of large synchronous polyphase motors ii 
afforded by a plant erected early in 1894 at Taftvilje Cotton 
Mills, Conn., U.S.A., by which power is transmitted for a dis- 
tance of about i^ miles. 
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1 There are two 2aO-kilowalt altematora, delivering power to 

s line at a pressure ot 2,500 volts. They run at 600 revolu- 

Hous per mintite, and work perfectly in parallel. The motors 

aimiiar construction, and are separately excited by 

J-kilowatt exciters driven by belting. They are coupled to 

in shafting by clutches, and are allowed to acquire the 




Fio. 151.— DiRgram of Synohronnu? PoIjpliBSp Alternator, with 
Windiiiga on the Field Magiietrf. 

Speed of aynchronism before the load is applied. In every 
respect the plant is a great Hucceaa. 

gSa PRESENT PRACTICE IN POLYPHASE 

ALTERNATORS AND MOTORS. 

Some of the moat recent designs of polyphase altematora 

and motors are shown in this section. Thoy are typical of 

present practice. 

Polyphase generators tor low pressure are frequently designed 
to work at a pressure of 190 volts between the mains, and 
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are used with step-up transformers. High-preBBure generator 
and motors which will work at line pressures of from 5,000 
to ",000 volts are generally used for power transmission when 
the line pressure need uot eioeed, say, 7,000 volts. The (rt- 
quency adopted is from tiO to 65. The lower value is being 




I'ul; phase Alternator. 



gradually adopted on the Continent, and will soon become the 
standard. This frequency is too low for the most economical 
conditions, and 65 or 70 ^ would be better, especially for 
the transformers, but the practical consideration of alow speed 
with few poles in generators aud motors determines the lower 
value (s<'<i Table M, p. 174). 



POLYPHASE MACHINES. 

In cases where power work alone has to be oonaidered, aud 
the generators have to be coupled direct to slow-speed engines, 
it is foucd convenient to deorease the frequency to even 2S or 
20 tv per second ; but these are esceptiona! conditions. 

The Oerlikon Company build excellent polyphase machines. 
Their low-pressure alternator ia shown in Fig. 162, and their 
high-preasure alternator in Fig, 103. The performances o£ list 
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Fio.154.— Cliaracteiistit 



e ot a 100-H.P. Three- Phase Oerlikon 



machines of these types are given in Table Z and Table A A, 
and a characteristic curve of a 6G-ki!owatt alternator, 1,040 
volts per coil, ia given in Fig. 1G4. The drop practically 
follows Ohm's law, and capacity and self-induction effects, if 
present, apparently cancel each other. 

Types of the Oerlikon Company's normal three-phase motors 
are shown in Figs. 1G5 and IGG ; and one of the Allgemeine 
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EiectricitatB Oesellschaft in Fig. 167. Some teste of the small 
motors are given in Table B B, p, 289. It is seen that the 
efficiency, akbough not equal to that of firat-rate continuous- 
current motors of Bimilar output, is Butiiciently high to ma^e 
the machines of great commercial value, eppecialty when the 




absence of commutator and brushes and all the troubles and 
risks incidental to tbem is borne in mind. The Oerlikon 
Company adopt as standards a pressure of UO volts per coil, 
equal to 190 volts between the mains (series coupling, tei 
Fig. 137, p. 260), and a frequency of -tO ru per second. 



TESTS OF POLYPHASE MOTOP.S. 



TaMleBB.— Tests of small Oerllkon. Three-fhaBe 


Motors, 


50 tM. 




Siie of motor. 




J H.P. 


iH.P. jlJH.P.; 3if.P. 


6 H.P. 


9H.P. 


Keva. per mio., empty 
Eevs. per mm.,£ull load 
Startiug torque, in lb. 

feet 

Torque at full load, in 


1,150 
1,320 

57 

264 
605 

1-3 

a-5 

105 

3S5 
O'BS 
170 
52% 

92 


1,450 
1,336 

65 

440 
60 

4 

8 

670 

363 
55% 

132 


1,450 
1,350 

137 

1,105 
57 

7 

15'8 

346 

1,900 
1-5 

1,140 
60% 

220 


1,475 
1,330 

125 

1,2D0 
63 

7-5 

IS 

404 

2,208 
75% 

330 


975 
910 

570 

2,700 
61 

20 

59 

6,620 
7-1 

603 


970 
900 

690 


Presaure in Tolt^ 

Amperes iu each cir- 

euit, empty 

Amperes in each cir- 


67 
25 


Power ftbBorbad at oo- 




Puwcr absorbed at full- 
load in watts 

Output in braio H.P. 
Output ill walta 


10,400 
11-5 

8,600 
83% 

925 


Weight of motor com- 
plete ia lbs. 



Some idea of the data of American three-phase motors may 
be gathered from Tabie C C, which is taken from the Columbian 
Eipoaition Supplemeat to the Engineer mg R&view. 

Table 0. — Djta of American Three-phase MotorB. 



Appareub cmsumpliou 
Ampai'es per circuit loaded. 

Volte between lUiiiua -.., 

Preqaeuuy 

Bpeed (nuloaded) ^ 

Speed (loaded) 

Effltuenoj ^ 

Number of poles 

Weight in pounds 

AmpereB per circuit (unloaded) 
Amperes iier circuit at atartiug 
Total apparent wWa at elartiag 



4 
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Ueaars. Johnson and Phillips have built for use at the Shell 
Gold Mines some twophaae alternators which embody an in- 
vention of Mr. Gisbert Kappa. The conatrnction (lee Fig, 168) 
Is similar in general appearance to that of Mr, C. E. L. Brown's 
machinee, the field ma^'nets being of similar design. The 
armature coils, however, which are, of course, arranged around 
the outer and atatiouary part of the machine, are not Bjmmetri- 
cally placed with reference to each other, but the top half of 




the coils is set with an angular lead of 90 degrees witi 
to the lower half. The two form separate circuits with cur- 
rents in quadature, and can be used aa distinct machines if 
required. 

One of the advantages claimed by the inventor for this 
arrangement is that an accident to one of the circuits will 
probably leave the other uninjured, and so prevent a complatoj 



KAPF'S Tiro PHASE ALTEBNATOH. 



I breakdown of the macbiue. In Sa.ct, an alternator tlius COQ- 
Btructed is equivalent tci two siaglc-pbase macliiues of half its 




outpnt. The design tends to decro,iee the cost of construct 
and to e 
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■^ 59. WINDING ; STARTING TORQUE ; POWER FACTOR 
One of the chief reasous for using polyphase currents is that 
thej admit of motors which are both selfescitiiig and aelf- 
starting ; and in many caaes the costly and troublesome broifaM 
ftud tollectiog rings may be done away with. 

To obtain the best results it is necessary to reduce tbt 
exciting current to a minimum. This is accomplished by 




showiog Holw 



decreasing the &vc gap to a mere mechanical clearance by 
bedding in iron the windings on the stationary and rotating 
parts. The coils are aoraetimes laid in grooves as in Figs. 169 
and 170, and sometimes wound in tunnels as in Fig. 171. 

Grooves are, perhaps, the best, since they cause leas magnetic 
leakage. When the motor is designed without brushes, tie 
line current is supplied to the fixed part. This design ia ctiidljt . 
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ttpplioable to smEiIl motors. For large designs it is usual to 
arrange the exciting ooils in tlie revolving part of the machine. 
This necessitates brushes and rings, it is true, and consequently 
Bimplicitj of design ia departed from. The chief point gained 
is that the losses due to hysteresis, eddy -currents, and self- 
induction are practically limited to the relatively small moving 
part of the machine ; whilst the massive stationary portions 
are magnetised by currents of frequency equal only to the 
^lilTerence between the speed of the revolving coils and that of 
the rotary magnetic field. 

When large polyphase motors are designed to work with the 
line current in the stationary part, it is usual to connect the 
finds of the revolving coils to collector rings on the shaft, and 
to close them through separate resistance coils. In this way 
the speed and torque of the motor can be regulated with com' 
paratively small waste of power. 

In the most recent designs the resistance coils are built into 
the rotating part and are thrown in and out of circuit by a 
lever actuating a device similar to a friction clutch. It is 
important to notice that a mere impedance coil will not 
answer the required purpose, since its self-induction causes a 
lag in the current, and therefore may increase rather than 
diminish the starting currents. A non-inductive resistance 
coil must he used, the function of which is merely to regulate 
the current induced in the closed coils. It is found that there 
is one value of this current which corresponds to a minimum 
line current for each torque, and therefore gives the motor a 
maximum power-factor^-a point of immense importance when 
& number of motors are running off a common power station. 

By suitably proportioning the motor, the initial torque can 
be made as large as required, but, if high efficiency and good 
speed regulation are required it should not usually exceed 
about three times the running torque. 

The relation between torque and current ia well defined in 
Figs. 172 and 173, which are taken from a paper on Polyphase 
Transmission* by Dr. Louis Bell. 

' EUctria.l Wudd (New York), MBrch 17, 1894. 
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In Fig. 172 is shown the relation between the static torque 
and current for a 10-H.P. (A) and for a 6-H.P. (B) three-phase 
motor. 

Curve A^ shows the effect of varying the resistance in the^ 
short circuited coils when the pressure is kept constant. 
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Fig. 172. — Curves showing Relation between Torque and Current in 

Polyphase Motors. 

Curve Ag shows the same with variable pressure for a 
constant resistance adapted to give a large torque. 

The full load torque for the particular motor is 35 pounds on 
the given brake. 

Curves B^ and Bg are similar curves for the smaller motor 
whose full-load torque is 17 "Sib. 



V 



TORQUE OF POLYPHASE MOTOR, 



295 



It will be noticed that eaoh motor gives the running torque 
at less than the full-load current, and that at maximum 
current each gives roughly 50 per cent, more than the 
designed full-load torque. There is no rush of current at 
starting. 



220 




20 40 60 80 100 

Weight on Break Arm in lbs- 
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Fig. 173.— Curve A: Relation between Current and Torque with a 
Properly Adjusted Resistance in Series with the Short- Circuited Coils. 
Curve B : The same, with no Resistance. 



Fig. 173 shows two curves taken from a 10-H.P. motor. 
They connect amperes in the line with torque. In B no 
resistance is placed in the closed-coil circuits. In A a care- 
fully adjusted resistance is added, with the result that the 
current for a given torque is reduced to about one-half of that 

x2 
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required in B. The importance of a starting reaiBtaoDe ia 
obvioui. 

The initial torque oE a. well-deBigned continuoua-current seriw- 
woand motor is about six times the running torque; and, 
therefore, a polyphase motor requires to be, relatively, of about 
twice the capacity for similar starting power; yet, since tha 
polyphase design ia the more compact, there is practically no 



C J 



— CurvBs ahowing Relation 1 
ill Polyphaa 



1 Power Factor and Output 



n the floor space occupied. Experience undoubtedly 
showB that the polyphase machine is the cheaper to build 
and the less costly to maintain in good running order. The 
power factor of polyphase motors varies with the load and 
within wide limits; but at from half to full load it appears 
to average from 75 per cent, to 94 per cent. There ia t 
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f no diffioultf in 
' circuit. 



lag a number of motors upon the same 



The variation of the power factor of a four-pole 15-H.P. 
motor at 50 cycles ia shown in Fig. 174 by curve A ; that of a 
5 H.P. motor of aimiiar desi^ by B ; and that of a 5-H.P. 
motor, specially designed to give a high power factor, by C. 

It ia sufBciently evident that the requirementE of com- 
H naercial working are met in these machinea. 

§ 60. COMBINATION OF POLYPHASE AND 
CONTINUOUS CURRENTS; RECTIFIED CUERENTS. 

It ia sometimes urged that alternate currents are not 
Buitable for charging accumulators. In a senae this ia true, 




FiQ. 175. — Diagrem of GrammQ Armature, deeignetl to work as a 

Polypbase Cootinuoua-Current Coovertra-, 

A, B, C, Polypliaae Maina, a, b, Continuous-Current Mwna, coupled for 

charging accumulators. The field m^;net coUb may be excited separately, 

OT in. shunt to the accumulatorB. 



but there are two ways in which they can be utilised for this 
purpoae. They possesa some interest in a tranamiasion of 
power plant. Most batteries are useful for dealing with 
lighting during tbe light load periods. 

If an ordinary two-pole continuous-current dynamo have three 
connections made to the armature coils at intervals of 1 20deg. 
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each, and these he joined to rings in connectioa with the 
mains of a three-phase system, the armature will run as a 
motor {assuming the field to be separately escited), and a 
continuous current may be collected at the commutator, which 
osn be utilised for charging accumulators. 



¥m. I76.--BecUfiBd Alternate Current. 

This machine may be described as a polyphase continuous- 
current converter. It is a practical device. Moat dynamos can 
be readily adapted for this purpose, but if a high efficiency 
of conversion be required it will be necessary to make a special 
design. A general idea of the arrangement may be gathered 
from the diagrammatic sketch in Fig. 175, 




L in v^h 



Fio. 177.— Ferranti ReotiSer, aa ueed at Portamouth. 

Another method of using an alternate current for charging 
batteries is to "rectify" the negative waves. The resultant 
current may be diagrammatically represented as in Fig, 176, 
in which the dotted curves below the time line have 1 
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rectified. The curves show the instantaneous values of the 
ourrent (or pressure), and the effective value is^- of that 
of the maximum ordinate. 

The reversal of sign is accomplished by a two-part commu- 
tator running synchronously with the alternator, and driven 
by a small synchronous alternate-current motor. {See the 
Thomson-Houston self-exciting alternator, Fig. 115, p. 232.) 

Fig. 177 shows one of the Ferranti rectifiers used at Ports- 
mouth for running arc lamps in series on a 10-ampere circuit 
having a frequency of 50 '^ per second. 

A rectified current appears to be admirably adapted for 
^Serving arc lamps, because the rhythmical waves of which it is 
<2omposed assist the feeding of the carbons. 

It is possible that rectifiers may prove to be useful details of 
<ci power plant. 




ELKCTRIC TEANSMISSION OF POWER IN MINING 
OPERATIONS. 

61. Intrudiictioii. g 62. Engine House DJid Equipments. § 63. Shaft. 
Cables. § 61. Underground Cables ; Junation Boiea ; Switches 
and Cut-outa. g 65. UnmeuIaCed Ketuma ; Safety Cablen. g 66. 
Mutora and Driven Macbinea ; Selection of TjpB of Motor; Con- 
tinuous aad Polyphaae Currents, g 67, Safety Motors ; The Mining 
Motor of the Future. 

1^61. INTRODUCTION. 
Perhaps the moat obvious field for the utiliaation of electricity 
in power work is to be found in mining. At all eventB, the 
first practical plants were applied for mining purposes, and by 
far the greater number of large electric motors ruiining in Great 
Britain to-day are used in this connection. The superiority of 
electricity as compared witb compressed air or hydraulic power 
for driving dip pumpa and other underground machiiiery was 
recognised as soon as the electric motor was discovered. But 
it was not until about 1885 that the new plantwas well enough 
engineered to be cheap and reliable. The first application of 
sufficient magnitude to demonstrate indisputably tlie possi- 
bilities oE tbe electric motor for mining work was made at Messrs. 
Locke and Go's, St. John's Colliery, Normanton.by the General 
Electric Power and Traction Company {Iramiach and Co.), to 
the designs of the author. The motor was of about CO brake 
horse power, and worked a set of ram pumps raising 120 
gallons of water per minute through a vertical head of nearly 
900 feet. It was an assured aucceaa from the start, and 
although modifications and improvements have since been 
introduced in many of tbe details, tbe general method still 
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obuins for coutiauo us- current mining work, Tho applica- 
tion of iiolyphaso currents lias opened up fresh poseibilitiea, 
and largely extended the scope of electric power work, b; 
obviating the need tor commutators and brushes, and there- 
fore removing the cbief objection to the use of motors in 
collieries. Tbe author confidently regards polyphase motors 
as essentially the raaohines of the future for mining work. 

In tbe previous chapters this subject has been necessarily 
discussed in a general way, ao as to include all varieties af 
plants. Tbis chapter is confined to the consideration of mining 
work and its special requirements. 

There is a wide difference between collieries and metalli- 
ferous mines in the character of the work ; and, indeed, the 
local conditions of different mines vary so largely as to require 
special treatment in almost every case. But the main 
difficulties peculiar to mining work, i.e., which do not usually 
obtain with surface plants, may be classified uuder three 
heads : 



(a) " Falls " from roofs and side 
floors. 



and "creeping" of the 



(6) Water, either continuous or intermittent, 

(c) Explosive gases. 

These may occur singly or conjointly, and evidently reqm 
properly selected plant and careful disposition of mains, junc- 
tion boxes, switches, cut-outs and machines. WTiat is suc- 
cessful at one pit, or part of a pit, is not necessarily bo 
at other places ; and hence various methods are employed — 
some good and some indifferent. Only an engineer experi- 
enced in tbis class of work is able to specify with fair 
probability of sucoess the best kind of material and most 
suitable method of erecting plant for each case. Much 
defective work has been done froui want of practical 
acquaintance with collieries and mines, although the plant 
supplied has been usually good of its kind. That bugbear of 
competition, the lowest tender, has also much to answer for 
is well as in other departments of electrical engineering; 



and the praotice of aaking oontraotore to tender to their own 
specification instead of to that of an independent consultant 
has largely contributed to the breakdowns, which are far more 
frequent than need be. The absurdity of such a course is 
rendered the more apparent when it is considered that however 
up-to-date the mining engineer may be, he cannot possibly 
have such a close acquaintance with the quality and classes of 
electric cables, different points in dynamos and motors, and the 
various details of an electric plant, as the expert who gives his 
entire time to such work. And, moreover, the expert is not 
hampered by patents or special types of machines, etc., as a 
contractor is very likely to be, especially if he is also a 
manufacturer. 

It is proposed to consider here some of the chief difficulties 
peculiar to mining work, and to examine the methods most in 
vogue to meet them, and also to suggest, as far as possible, the 
best plant and its most efiective disposition for working under 
various conditions. 

It is convenient to treat this part of the subject under the J 
following divisions : — 

(1.) Engine House and Equipment. 
(2.) Conductors, Sliaft, and Underground Cables, JunctloaJ 
Boxes, Switches and Fuses. 

{3.) Motors and Driven Machines. 

These will be considered in separate sections. 



§62. ENGINE HOUSE AND EQUIPMENT. 

The engine-house will generally be upon the " surface," 
although in some cases, where a steam-engine is already at work 
near the pit bottom, it may be necessary to erect a dynamo 
below ground. Electric plant frequently plays so small a part 
in the main machinery of a colliery that it is not permissible to 
provide a separate house for the dynamo. In such cases the 
winding-engine house or the fan-engiue house will probably be 
selected. If the fan-engine has a margin of power, and is kepu 
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ruaniog at a couetant speed, it may be poasible to couple tbe 

djnamo to it tbrougli a fast and loose pulley. But this ia not 
a ucmmoti oecurreuce, nor ia the arrangementaiwajs advisable. 
Tlie fan forma a steady continuous load, and its engine should 
be carefully proportioned, both as regardaaize and speed, to give 
the most efficient running. And further, ainco the safe work- 
ing of a colliery depends to a very large extent upon the ventila- 
tion, many mine managers very properly refuse to allow fan- 
engines to be put to any other work than that of driving the fan. 



It may be assumed, then, that tbe dynamo (or dynamos) wii) 
be driven by an independent engine. In the early days ot 
electric work in mines it was fretjuently necessary to use any 
odd engine that happened to be available at the time ; and 
hence some very curious combinations. The author has seen 
a modern efficient dynamo coupled by belting to a large slow- 
speed engine of antiquated type, rendered still more inefficient 
by being supplied with wet steam at leas than 401b. pressure, 
so that tbe high efficiency of the dynamo was practically 
annulled. 

Managers, however, are beginning to recognise the saving in 
coal and steam made by using higb-pressure boilers and q^uick- 
running engines, and the electrical engineer has now little 
difficulty in arranging for suitable steam plant. Having regard 
to the fact that the fuel burnt at collieries is usually the most 
unsaleable there, and frequently almost dust, meobanioal 
stokers are of special use. \'icar8, Proctors, or any of the 
wcll-knowQ types, answer tbe purpose admirably, and will be 
found to efl'ect economy in labour. Tbe type ot boilers will 
depend upon tbe class of water and upon local circumstances. 
Generally, however, Lancashire boilers, with cross tubes, give 
tbe best all-round results, and have the advantage of being 
easily set and repaired by ordinary labour. The working 
pressure may vary from 801b. to 1201b. per square inoh ; 
whereas multitubular boilers, although admirable for raising 
steam at short notice, are comparatively difficult to clean out, 
and require much more careful attention and skilled labour to 
effect repairs. The same remark applies to water tube boilers- 
in connection with this class of work. 
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In most cases where the engineer has n free hand, 
and the pressure does not exceed, say, 500 volts, he will 
advise Bteain dynamos — i.':, engine and dynamo directly 
coupled (eM Fig. 178). This arrangement gives a positive drive, 
reducea the space occupied to the smallest dimenaions, effects 
considerable saving in first cost, and gives increased facility for 
repairs: while a stand-by set can he compactly placed ready 
for instant use at a moderate increase in the cost of the 
running plant. Granting the use of a high-speed engine, the 
question of open or closed type arises. There are various argu- 
ments in favour of each. The open type {see Fig. 178) has the 
advantage that all the rods and bearings are in full view, and 




while the engine is running, and also that it ia 
readily got at to make repairs. But it is likely to he affected 
by dust, and ia to some extent liable to accidental damage from 
external oauses. 

The closed type (.w Fig. 179), on the contrary, ia completely 
protected from dust and cliance eiternal damage, and the crank 
shaft splashes into a lubricant in the crank chamber, thus 
ensuring lubrication so long as the oil is maintained at the 
proper level. Messra. Wrllans and Robinson supply with their 
well-known closed-type engines a sight gauge, which ahows 
continuously the height of the lubricant in the chamber. The 
speed of the engine will be selected with reference to its 
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dimensioDB and that of the dynamo to which it is to be 
coupled. The number of revolutiona will be large compared 
with those to which mining manBgera are accustomed, being 
from about 300 to oOO per micute. The question of single_or 
double-acting engines is au open one, and both sides are admir- 
ably championed. Perhaps both types, it properly made, are 
equally good. 

The type ot dynamo will depend very much npon the claas 
of work. The discussion of the various windings — compound, 
series, shunt and separate excitation— in g 14, page 59, gives 
the special features of eacb. 



\ 
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Fh:. 179.— Holines-Willana Steaia Dynamo and CloBcd-Type Engine. 

The pressure, aa already suggested, will not be much high^^ 
than about 500 volts. A number of manufacturers bui^V 
excellent machineH, and it is easy to select a suitable dynan::^ 
or motor if a fair price be paid. 

The conditions governing the choice of steam and electr " 
plant are similar to those detailed in g 1 , page 7. In plants whe 
the work comprises pumping, hauling, coal-cutting and lightia^^ 
the generators should be capable of parallel working, feedi^^ 
omnibus mains. But if there are only large motors, ea— - ^ 
ioupled to, say, pumps or other independent machines, tW- 
may be advisable to rua separate pairs of maina to e^B- 
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motor, and to have a separate generator to each circuit. If 
the loada permit of one type of motor and one type of gene- 
rator, a couple of spare machines will be sufficient to cover 
. For driving pumpa series winding is uaually preferable 
for both dynamos and motors if a continuous- current Bjatem 
be adopted. 

If polyphase currents be used, the same suggestions are 
applicable, with suitable reservations. The pressure at the- 
generating station may be restricted to about 500 voUs,an(i then 
transformers will not be ueceaaary for stationary motors of from 
10 B.H.P. and upwards. But 'm coal-cutters and rock-drillers 
this pressure is too high for the men to handle the macbines- 
with comfort, and it will be advisable to use step-down trans- 
formers to reduce it to about 50 volts. At this pressure a 
"shock" will be impossible, and the machines can be safely 
worked even in the dampest places. 

In some cases of Joug-distauce transmission it may be advis- 
able to use a much higher pressure in the " line " between the 
generating station and the step-down transformers. The ques- 
tion then arises whether the line pressure should be reduced 
to, say, 500 votta at the pit bank, be supplied at this pressure to- 
large stationary motors, and be further reduced for small or port- 
able machines. These are questionB, however, which must be 
decided for each case upon its merits, and a mine manager will 
do well to take the opinion of an independent expert before- 
signing a contract tor plant. 

§63. SHAFT CABLES. 

The classes of conductora suitable for the severe conditions 

of mining work are not very numerous, and diS'er chietly in the 

kind of insulation, and the meaoa employed to protect them 

from mechanical injury and from the effects of water. ' 

Broadly, there are two kinds of insulation which have stood 
the test of time, viz., vulcanised rubber and bituminous com- 
pounds.* The former is costly and is thus better adapted for 
the lighter classes of cables, say up to stramlH of 19/15 S.W.U., 
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\rbioli, owiag to their position, do not require to be oovend 
«ith It coating of lead or armoured with steel strip or galvatUBed 
iron wire. The latter ciaas is cheaper and hence is more euic&bk 
for large trunk mains ; but, since it rapidly loses its insulating 
properties if in contact ivitb water, it is necessary to enoue 
the compound with lead, which should be armoured to protect 
it from injury. The best form of bituminous cable is made 

' concentric {see Fig. 180). The centre conductor is doubly 

guarded, so that it the metal sheathing be cut through, onlj 
the outer conductor is earthed, and the cable as a vliole ia 

L workable until an opportunity occurs for repairing the injury, 

' Fin. 



Fir.. 180.— Arm ured 




;ereci Bilmniuww 



tieulatioD 



The author finds it expedient, even in large plants, to hmit 
tbesizeof eichcoiiductor to,say,acabIeof 19 14SWG strands, 
and, if this be of lasufGcient uross section for the current, to 
duplicate the condu:,tor3 and connect them to omnibus bars 
With this provision an accident to one conductor does not 
cause & complete stoppage, for the damaged cable can be 
disconnected until the fault is locaheed and repaired (It is 
oftentimes a matter of imposaibditj to make repairs durmg 
the drawing of coal and hence the importance of providing 
spare conductors) Another advantage is thai, small mains 
are relatively light and are therefore easily handled and 
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fixed in position. And, further, the cost of repairs to the 
Bmaller aizea of cables is generally much leas than to the larger 
ones, owing to the greater ease with which the joints can be 

The methods of running cables down shafts and fixing them 
in position differ in almost every case. Fit shafts are usually 
of circular form, sometimes driven through the live rock, some- 
times built round at intervals with courses of brick or stone laid 
on cost-iron cribs, sometimes faced with heavy timber walls, 
and occasionally lined with cast-iron sections through quick- 
sands or strata heavily charged with water. If wooden 
"conductors" are used to guide the cages, heavy cross bearers 
of timber are built into the sides of the shaft at intervals to 
carry them. When iron rope guides are used tbe shafts are 
practically void of timbering. 

These different conditions evidently demand different 
methods of supporting the cables. 

In the Brst place, it is absolutely essential to guard against 
falling coal and atones, either from the cages or from the sides 
of tbe pit. The best position for placing the cables will, 
therefore, be largely determined by the shape of the cage, and 
whether its sides are covered up bo as to restrict the falling of 
pieces of coal to the open ends. Again, stands of iron pipes 
already placed may limit space still further. In general it is not 
advisable to run electric cables near to pipes, because work- 
men repairing the latter may damage the cables. Another con- 
sideration of importance is whether the up-cast or down-cast 
pit ia the better adapted for the purpose. If tbe " winding " 
be done from the down-oast, as is usual, it may be convenient 
to use the up-cast. But care must be taken that tbe up'caat 
air is not laden with any erosive vapour, such as is sometimes 
the case when the exhaust from an underground engine and 
tbe gases from a furnace burning coal containing a large per- 
centage of sulphur, are turned into the up-cast. The author 
knows of one case in which a pair of lead-covered cables 
run in such a pit were corroded through in dozens of places in 
the course of a few months. In some aoiis there are found 
erosive agents that attack iron and rapidly rust it away, and 
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ID Others % similar action takes place with lead. General]; 
it lias been the author's practice to use the dowD-cast shaft ; 
but there is no rule, and in all cases it is possible to ensure 
success bj making suitable arrangements. 

The plans adopted for supporting cables va shafts difin 
widely. In all cases, however, where it is desired to giw the 
work a permanent character, the cables must be entirel; 
encased in wood, run in iron pipes, or heavily armoured. These 
three methods are not always etjually applicable, for local con- 
ditions may make one of tbem the cheapest or most desirable. 
It there is a set of, aay, 4in, pipes already erected in a. shaft, 
and it is desired to run a pair of, say, 19/16 S.W.G. cables 
down them, and the depth is not great, a pair of vulcanised 
rubber mains may be suspended iu them from earthenware 
insulators. The weight on the supports will not usually be 
great, for the cable will generally bend from side to side, and 
thus may sometimes nearly carry its own weight if sufficieut 
slack be allowed. In running cables down pipes it is advisable 
to insert a small flexible iron rope, and use this to haul in the 
insulated conductor, which should be payed out from the drum, 
perpendicularly into the centre of the pipes, over a wheel of 
sufficient radius. This method prevents damage to the covering 
of the cable. The interior of the pipes should be scoured to 
clean off sand from the cores, or the insulation will inevitably 
be abraded during the bauling-in. 

If the pipes be of large diameter, and the depth too great 
for the mechanical strength of the cable, it must be sup- 
ported at intervals. This may be done iu several ways, but 
it will be necessary to break the continuity of the iron pipes 
in order to insert wedges, clampa, or similar devices. 

It may be better, then, to adopt a wooden casing which will 
support the cable along its whole length. In using wood, how- 
ever, care mustbe taken that tbe section is of sufficient strength, 
and that the " lengths " are spiked firmly to the pit sides. The 
grooves may be cut in the face, as shown in Fig. 181 ; or in 
the sides of the casing, as in Fig. 182, which illustrates a method 
«6ed most successfully by the author in a number of mines. 
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Ihe i^overmg boards may be held m position by coach screns 
This enables ao exammatioo of the t-ablea to be made at any 
spot — which K oftentimea a convenience The grooves should 
be cut an easy fit for the cable which will then be perfectly 




i. 181.- Wood Casmjjfui 



supported, and only a light attachment at the top will be 
necessary It la always advisable, however, to loDp the top 
ends securely round earthenware insulators firmly earned at 
or near to the surface 




Kw. 182.— Wood Caaiiift 



Concenttio cables lead-sbeathed and armoured are so stiff 
that they may be clamped directly to the pit sides, and then 
form strong compact work. As they are very heavy, there is 
need for strong brake gear on the surface to pay them out by, 
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aa tbey cauuot be fastened in position until the whole leogcb 
ia doH'u the pit. It in advisable with very heavy cablea to 
Isah ropes at intervals, and pay them out at the same rate, 
thus raheving: the top end of the cable of part of the weight. 
This class of cable is steadily finding favour tor pit work. 




Plan (poi-t secUonl. Oue-tliiril full size. 
Fig. 183.— J. Davia and Suu'a Junction Bi>s, for uee in Minea. 

On no account should joints be permitted in new shaft 
cables, although it may be neceaaary to make repairs in old 
ones. A cable with cootinuoua insulation is much more likely 
to stand the wet aud esposure of a pit than one with joints 
made with a different dielectric from the rest of the insulation; 
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the more so as the joints will probably be defective from the 
begiuning. And it should be recollected tha.t jointiDg is an 
extremely difficult operation in a shaft, owing to falling water, 
the cramped position, and the Btrong draught of air which 
together render soldering an impossibility in many cases, and 
often make the insulation uncertain owing to the presence of 
moisture. Of course it is possible, assuming time to be allowed, 
to provide special apparatus which, iu the hands of skilled men, 
will enable esoellent work to be done ; but breakdowns usually ■ 
occur unexpectedly, and frequently have to be made good by 
the resident staff with such simple materials and facilities as 
may be at hand. 

In most cases the author prefers to arrange junction boxes at 
the top and the bottom of shafts, so that the shaft cables can 
be severally tested independently of the surface and underground 
work. These boxes must be housed iu dry places, secure from 
mechanical injury. For this purpose there should be sufficient 
free length of cable at top and bottom to allow the boxes to be 
placed well away from the drawing decks and pic bottom. An 
effective junction box manufactured by Messrs. J. Davis and bon 
is shown in Fig. 183. 

§64. UNDERGROUND CABLES; JUNCTION BOXES; 

SWITCHES AND CUT-OUTS. 
Each " district " is usually supplied from an independent pair 
of conductors coupled at the pit bottom to an omnibus bar or to 
a separate pair of shaft cables. 

These conductors are, therefore, of small size, not often ex- 
ceeding 19 strands of No. 16 S.W.O. Tbey are carried on the 
"aides" or "roots," being supported by wooden cleats or 
earthenware insulators, or buried in the " floor." The choice 
of the three methods will be determined by the peculiarities 
of the "level" in which they are run. The class of insu- 
lation will depend both upon the method of erection and the 
difficulties to be dealt with. 

In dry roads, well supplied with timber props and cross 
bearers, alight vulcanised rubber cable, carried in wooden cleats 
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or on insulators, will prove to be cheap aad efficient. An ooca- 
Bional fall oC roof or sides will not as a rule cut it i( a Iittl« 
Black be allowed between the supports ; and " creeping " of the 
floor will not affect it. Indeed, in the majority of cases where 
long lengths oE small coo duotors, about 7/16 S.W.G., haw to 
be carried to the " faces," this is the oaly practicable method, 
from the simple consideration of first cost. 

Wood casing is out of the question for " road-work," except 
for the lighting circuit near the pic bottom, not only because 
of its cost, but also because of the instability of most of tba 

In main engine planes which have no " weight " upon theai, 
permanent work may be made of the erection ; and it will 
generally pay to bury the cables beside the metals and to 
cover them loosely. But a rough wooden trench with a cover- 
ing board should be laid to receive the cables, unless they are 
armoured, for otherwise an unlucky blow from a pick may cause 
a breakdown. If heavily armoured concentric cables, as shown 
in Fig. 179, p. 308, are used, it is sufficient to bury them from 
about 6in. to I2in. below the surface of the road, well to one 
side, where they will not he disturbed during repairs to the 
metals and roads. If conductors are carried along "travelling" 
roads, it is specially necessary to secure them from damage 
at the hands of the miners, who are sometimes inclined to get 
" lightning " from them by means ot their picks. If the road be 
dry and in a fairly settled coudition cables may be laid in fine coal 
dust, covered by rough boards 1 in. thick, and then protected by 
a layer of coal dust of about Gio. deep. This forms a very sate 
and cheap bed for hemp-braided vulcanised rubber cables, or 
for lead-covered cables served or bi-aided with herap. It is 
specially serviceable in travelling roads, or where the con- 
ductors are laid for a temporary purpose. 

Whatever the class of cable or the method ot laying it, how- 
ever, the conductor should not be in continuous lengths of mora 
than about 500 yards, in order that a fault may be readily local- 
ised. At the junctions of seciions cast-iron boxes (ttff Fig. 183, 
p. 312) should be placed, with screw terminals on porcelain bases, 
through which the necessary connections can be quickly made or 
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unmade. On no account should cut-outs be plaued at these 
points unless special provision be made to enclose them in flame- 
tight boies ; they should be confined as far oa possible to the 
generating station and pit bottom. 

Ac the far ends of the levels where the distributing maina 
are joined to the feeders, it is good practice to place cast-iron 
junction boxes in the "gates," so that any or all of the 
distributors may be coupled up according to retjuirements. It 
is imperative, if cut-outs be used here, as ia so met i men 
necessary, that they be placed in flame-tight boxes, for this 
position is close to the coal faces, from which gas may be given 
off at any time. 

The "distributors " are necessarily of a temporary character 
and will be shifted as the work progresses. They must therefore 
be light and iiexible. If convenient they may be carried upon the 
props, and in the absence of timber may be laid beside the roads, 
unless they are hung on rough iron spikes driven into the rock. 
In any case they will often be subjected to rouf^h usage. For 
attachment to movable machines, such as coal cutters and 
rock drills, it is usual to provide either concentric or twin cables, 
insulated with vulcanised rubber and braided with steel wires. 
Either of these can be made sufficiently flexible, and they are also 
Btrong enough to stand being hauled across rough shale and 
ooal. 

If a distributor feed a dip pump it should be erected in a 
ae mi-permanent manner ; since such pumps are liable to be 
drowned-out, and the plant may have to be withdrawn several 
hundred feet or yards at short notice. In such cases the con- 
ductors should be brought back with the motor, and not cut. 
They should be coiled and hung up at the pumping station, 
being uncoiled again as the water recedes. The best insulation 
for this work is vulcanised rubber well braided with hemp and 
ozokerited over all. 

For a polyphase current system it ia necessary to run three 
or four conductors in place of the two required for a continuous- 
current or single-phase alternate system. For permanent work 
three conductors may be built into a concentric cable, which 



may be lead-covered and armoured. With b, four-wire sysCem 
two concentric cables of two cooductore each are preferable. 




The method of erection in in no reapecC different from that 
adopted with continuous-current working. The three wireaon 
carried practically as readily as two. 
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The uee of switches and fuses below ground in places likely to 
contain explosive gas requires careful regulation, and is likely to 
become the subject of special legislation in the future. The 




author states emphatically that, in hia opinion, no switch, out- 
out, junction box, or resistance frame that is not absolutely flaiue 
and dust-tight should be allowed in a coal mine where naked 



ligLts are prohibited. It is madncHB to forbid tbe use of a. luW 
light and yet to allov tbe types of switches and^cut-outs sonifr 
times found ia pits. 

Td ensure absolute freedom from tiriog gas with a continuous- 
current motor is perhaps impossible, but nonsuch ditBoulty 
should be found witb small stationary devices, such as Bwitches, 
cut-outs, and junction boxes. It ia merely a matter of expense, 
and proper precautions should be insisted upon in all permanent 
plants. 
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Fic. 184d.— Showing Daa o( Slstc Bnse ncd Attachmente to the Rf>n 



Coih 



9. 184 uid 184a. 



In Figs. 184, 184a and 184b are shown various views of Davis's 
Mining Switch witb resistance coils attached. It is used for 
starting and regulating motors. The whole is enclosed in an 
iron case, and the switch contact pieces break circuit in a gas- 
tight compartment, 



geS. UNINSULATED RETURNS; SAFETY CABLES. 

Tt has been the custom at some pits to use old iron ropes 
as returns. These are simply laid along the roads or hung up 
by hooks to the side props. The practice, however, is not to be 
recommended in pits where there is any chance of gas, and in 
a large plant, with a pressure of 500 volts, it would in any case 
be impossible. The author coupled a return in this manner at' 
Andrew's House Pit, Durham, in 1S87, the arrangement being 
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adopted simply troai considerationH of first coat. The ptessuifl 
at the dynftmo terminals averaged 225 Tolts, aod the pover in 
this part of the circuit never exceeded S E.H.P. The rope lay 
for a. considerable part of its total teagth of r25 miles in 
water. The leakage of current, inevitable in a pit, decomposed 
water at various places, aod the iron corroded rapidly at the 
junction to the copper returu near the motor, and small ' 
sparks could often be obtained between the rope and the tram 
metals near the pit bottom, thus showing that the iron rope, 
although lying on the wet ground, did not make good "earth." 
The danger was recognised and caused no difficulty ; but if the 
pic had been gaseous, it is probable that an explosion would 1 
have resulted. 

A bare separate return, if justifiable at all, can only be so 01 
account of cheapness ; but the apparent saving is in most cases 
more than counterbalanced by after troubles. 

If, however, a system of concentric mains be used with the 
outer conductor in metallic contact with iron or steel wire 
armouring,^ the conditions are altogether different ; and prob- 
ably as great an immunity from the danger due to a brokea 
conductor can be obtained by this arrangement as by any 
of the patented safety cables. 

There are two classes of bare return concentric cables in use. 
They are shown in Figs. 185 and 186. The former has a lead 
covering, which is squirted around a copper conductor, the two 
together forming the outer or return circuit. Armouring can 
be applied outside, aud this adds to the conductivity while pro- 
tecting the soft lead, whose chief function is to keep water 
from the insulation between the centre and outer conductors. 

The second class is cheaper, and the return circuit is formed 
simply by the armouring, which is placed directly upon the 
insulation. It is only suitable for use in dry places, where it 
will give good results. 

The chief advantages oHered by these cables, in con-' 
nection with mining work, is the seourity they give against 
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txicmal sparking, tiiid their mechanical strength, owing to 
which they may be stapled to rough walls, like gas piping. 



There are also i 
aa •' safety cables." 



inductors which may be collectively classed 
In all of them the object is entirely to 




^yonceouiu uauie nan uuiiifluiaceiL outer canuUL-cor uouBid 
sheet uiipjier under tlie lead, llie lead, and the steel 

obviate sparking at the point of rupture when i 
ductor is cut in two. The general method is 
email auxiliary cable in parallel to the main coii' 
in the event of a tall cutting the cables, is arrai 




J to provide ft 
iductor. This, 
nged to brank j 

isHlhig of it spiral 



Fig. 186. 
Conceiitric Cable witli uuiuaulated uuter conductoi', a 
al sheet uugiper under the steel armourinK — 

either before or after the main condiaotor is broken ; and in each 
case actuates a magnetic cut-out ^ihich opens the main circuit. 
The idea will be best understood by reference to some of ths 
better known solutions of the safety-cable problei 
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Mr. LI. AtkiDsoD, of MesBrs. Eastou, Auderson and Goolden, 
was the first to patent a cable of thia class. It was not 
designed for concentric wiring, and hence two wires are 
required for each circuit. The cable (see Fig. 187) oonsisla of 
two coQceDtric conductors in parallel, insulated from each other, 
excepting at the main terminals of the circuit to be protected. 
The cmrent therefore is in the same direction in each conductor. 
The outer, which is designed to carry the larger part of the 
current, is of an;^ ordinary make. The inner is constructed 
of fine wire in the form of a continuous cylindrical coil, the 
outer diameter of which is covered by instilation, and fonns 
the core around which the main conductor is laid. It is 
assumed that when a stone fails on the cable the outer con- 




ductor, offering much resistance, may be cut through; but tbo 
loosely-coiled centre conductor will be simply drawn out or 
the insulation. The entire current will then pass through tho 
fine wire, and blow a magnetic cut-out in the engine-room or 
other convenient place ; the arc being thus transferred frtjm 
a possibly dangerous spot to a safe one. The efficient action 
of this cable depends upon two conditions ; — 



between the inner and outer 



(1.) Perfect insulatio 
dnctors. 



{2.) The continuity of the fine wire circuit being proMrved 
luring the fall. 
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In order to prevent an aooident&l contact between the two 
conductors interfering with the workiag of the cable, the io- 
veotor provides a resistance in Beries with the fine wire at 
its negative end, ao that the fall of pressure is less along tlie 
inside than along the outside. The result is that there is 
always a difference of pressure between the inner and out^t 
conductors at each part of the cable. And a short circuit 
between the two at any poiat causes an increase of current 
in the fine wire which operates the magnetic cut-out. 

(Jenerally it is found that cables hung lightly, with pleu^ 
of slack, are dragged down and buried without suffering any 
damage other than slight surface abrasion ; but it they are 
firmly fixed they may be cut through as if with a knife. 

It, may, therefore be reasonably questioned whetherafall which 
is sufficiently heavy to cut a stout cable in two will not aerer 
the fine conductor before the spirals have time to draw ouL 

In recent installations a small separated insulated wire has 
been hung (beside the main conductor) with a few spirals 
twisted at intervals ao as to allow a ready increase of length in 
the event of a fall or of any undue strain. This is found to 
be cheaper than the compound cable, and to give equally good 
results. It should be mentioned that Mr. Atkinson regards 
the cable as of more importance as a preventive against tiring 
timber from arcs than as an absolute means of preventing 
sparks. The author is in accord with this view. For the time 
taken to move the detaching mechanism on the surface will 
chiefly determine the spark at the break in the cable, though 
its effect is limited by the resistance of the unbroken fine wire 
in parallel with the main wire. 

The Charleton cable, patented by Messrs. B. J. Charleton, of 
Newcastle- on-Tyne, is of similar make, but the inner conductor 
ig merely a small wire, about No. 18 S.W.U. The currents in 
the two conductors are in the same direction. The action 
depends upon the fine wire breaking lie/ore the large one, when 
a magnetic cut-out is designed to open the main circuit. Suc- 
ceasful working depends upon the maintenance of the insula- 
tion between the two circuits, and also upon the time required 
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to move the magnetic cut-out levers. If this is not conaider- 
ably lesa than the period of time elapsing between the cut- 
ting of the two cables it is doubtful whether sparks will not 
occur almost simnltaneously at the break and the cut-out. The 
problem is complicated by self-induction and capacity, which 
under suitable conditions may seriously affect the time required 
to open the cut-outs after the breakage of the main conductor. 
It will be easy, however, to experiment for any particular case. 




Another interesting safety cable is the invention of M. Nolet, 
engineer of the Cockerill Company, Seraing, in conjunction 
with M. Jasper, of Liege, and has been applied to several coal 
mines in Belgium, It provides for a small wire insulated 
and built into the cable, as in the Charleton cable, but the 
currents in the two circuits are in opposite directions. 




FiQ. 189.— Dittgram of ConnHctiona uf Nolet Safety Cable. 
C, Main Cable ; C,, Ausiliarj Conductor ; E and E,, JtagneHc Cut-o 
M, Motora, Large arrowa show direction of main uurrent ; small ar 
t-hat of the dhunt current. 



« showing the method of construction is given in 



A BGotional v 
Fig. 188. 

The fine wire is coupled up as shown in Fig. 189. The 
function of the small wire circuit i:j to close the main circuit 
through the two magnetic cut-outs (one to each of the mains). 
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Therefore, in the event of a breaking of the fine wire, tfa 
out will operate and open the principal circuit. 

M. Nolet has Tecognised that repairs to cables, as gen^al^ 
coaatructed, cannot be property carried out without the use of 
soldering irouB, which are inadmissible in a mine. To pro- 
vide for this contingency hia cable is made in short lengtlu, 
each section being provided with metal couplings for both 
of the conductors, as shown in Fig. 190. The rings tor the 
subsidiary wire are shown at 0', and those for the main con- 
ductor at C. The couplings are made to fit together with 
easy friction, and are so arranged that a sliding movement of 
about one quarter of an inch is sufficient to open the auxiliaij 
circuit, while a considerable displacement is required to un- 
couple the outer conductor. The joints are protected by 
india-rubber tubes. 

The construction appears to admit of a ctrtain time interval 
between the opening of the main circuit and the lifting of the 



magnetic cut-out, and also provides a ready means of repairing 
a damaged section. But the cable must be costly, and a slou' 
movement of the measures, throwing weight on the cable, 
might interrupt the auxiliary circuit unnecessarily. It may 
be questioned whether the device would have time to act iu 
the event of a fall shearing the cable instantaneously, as some- 
times occurs. 

In the author's judgment, none of these safety conductors 
gives more security than that obtainable with an armoured con- 
centric one buried in the floor, or suspended loosely with plenty 
of alack between the supports. If a fall occui-s, it will be 
brought down and buried. If the armour and outer conductor 
are out through, the incision must first take plaee on one side, 
and then most probably the severed strands of the outer 
conductor will be pressed against the inner conductor, and so 
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blow the mftgoetic out-out without openiDg the circuit; 
because the bottom half of the outer conductor cannot be 
cut through until the top half is brought into contact with the 
inner one. The truth of this can be eaaily demonstrated b; 
cutting the cable through with a, cold chisel and hammer. 

Success lies in hanging the cable so loosely that it cannot be 
cut through instantly. If this occur, it is doubtful whether the 
two conductors would always be jammed into good contact by 
a sudden blow, and so a spark might occur coincidently with 
the blowing of the magnetic cut-out. 

Another solution of the safety cable problem has been pro- 
posed by Mr. Frederick Hurd. The conductors are run in iron 
pipes, through which a current of fresh air is forced by a blower, 
the motors and regulating devices being protected in a similar 
manner. The plan is good, and, if properly carried out, would 
seem to afford safety against a large variety of risks. But there 
is no provision for opening the electric circuit when the pipes 
are broken. 

Messrs. R. B. Pownall i Son have carried the method a step 
farther. In a patent dated December 2, 1893, they provide 
means by which the maintenance of the electric circuit is made 
to depend directly upon the air pressure in the pipes ; so that, 
in the event of damage to the pipes, resulting in a leak or 
in total breakage, the escape of air lowers the plenum and 
opens the magnatic cut-out controlling the particular circuit. 
The details of the system have not yet been made public; but 
the author is in a position to assert confidently that the scheme 
is a very practical one, and meets the varied requirements of 
colliery work in a moat complete manner. 

The danger of firing gas through a broken cable is, how- 
ever, very remote. There is, bo far aa the author knows, no 
authentic instance of this having occurred, although the possi- 
bility is sufficiently evident. 

The fact is that, for obvious reasons, cables are not usually 
run in roads with "weight" on them, and, where this is un- 
avoidable, sufficient slack is allowed to prevent the nuisance 
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of freqaent repaiiB, qait« irrespective of the risk of an ezplo- 
ataa, and, thocfore, broken cables mre rare. 

With the grajiliu] eitmsioa of electric work id co&I mines for 
driviog portable as veil as statiooaiy machines, the riaka fnm 
this cause kQI be increased, and it is vise to rocogniae the dai^er 
and to adapt the simple and efficacioaB mnediea suggested 1^ 
experience. This is speciallj desirable with new j^aots. 



§66. MOTORS ASD DRIVEX UACHtS'ES; SELECTION 
OF TYPE OF HOTOB; COXTISCOUS AXD POLY- 
PHASE CUBREXTS. 

The selection of the tjpe of motor for any special vrotk is 
generally not difficult. Aa approximate estimate of the power 
■a easily arrived at, and a small error in its detenuinatton is 
of little importance ; the crux lies in estimating the arerage 
aud maiimuQi torque. The cogency of this will be apparent 
«a reference to the equations for tonjae of motor (§1 1, p. 43), 
find to the mechanical characteristics of motors (§ 14, p. 59), 

For example: Suppose it b required to drive a main pomp, 
AS shown in Fig. 191,onacoatiiiuous-carrent circuit at 500 volts 
pressure at the motor terminals. The theoretical power in the 
water is known, and the losses in rising main, pumps, gearing 
aad motor, are easily determined. The maximum torque will 
occur at starting, when the motor has to overcome the statical 
friction of the pumps and set the column of water in motion. 
The average torque will be simply that due to the constant 
load with full delivery of water. To meet these conditions, it 
ii necessary to have a motor with a magnetic field sufficiently 
strong to give the necessary starting torque without undue 
sparking or an excessive quantity of current ; and to give the 
working load at the designed speed with the highest possible 
eEEoiency consistent with a fair margin of power. 

The motor winding should, preferably, be in series (see g 14, 
p. 60; also S 23, pp. U6 and 121j. 

The chief constructional point is sufficient streozth in the 
e shaft and bearings to start the pumps safely. If this 
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be attended to the motor will be mechanically strong enough 
for the running load. 



Again, assume it ia required to erect an endless rope hauling 
plant — as illustrated in Fig. 192 — on the same circuit. The 
various losses must first be determined, the weight of tubs. 
loaded and unloaded, debited and credited according to the 
grades, and a suitable allowance made fur tub-wheel and 
rope friction. From these data the starting and the average 
torque can be determined. If the running load is fairly 
constant — as is generally the case with an endless rope— the 
series-wound motor is the most suitable, and the suggestions 
made with reference to the main pumping motor are equally 
applicable. The margin of power, however, requires to be 
greater than with pumps, as the load may be largely 
augmented at times by tuba leaving the rails. There is not 
much fear of overloading during busy periods, because an 
increase of torque will alow the motor and so decrease the 
actual power; but, since the current will be temporarily in- 
creased, a margin for the heating effect in the windings must 
be provided. 

If, however, the system of haulage he a main-and-tail one, 
as indicated in Fig. 193, where the motor has to be frequently 
stopped, and Co deal with a continually varying load, good 
speed regulation and perfect control of the motor become of 
more importance than efficiency. In this case a specially 
designed cumulative compound motor {su % 14, p. 65) may be 
used, with a switch and starting resistance designed to keep 
the shunt coils always in circuit during work time, and to 
introduce a variable resistance iu series with the armature 
and series windings. Iteversals of motion should be made by 
means of friction clutches and gearing, and not by the motor, as 
this would introduce complications which are better avoided in 
pit work. The maximum torque in this case is generally that 
at atarting, but not necessarily, as the load may start on the 
level and afterwards have to climb a steep grade. 

The best arrangement for working main-and-tail rope systems 
is to run the motor cootinuoualy, and to give forward or back- 
ward motion to the rope drums through friction clutches 
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mounted on an intermediate Bhaft. If the motor be designed 
in itcoordance with t!ie above suggeatlous, no trouble will be 
experienced. 

The preceding remarks are alao generally applicable to 
single-rope haulage, although in eome cssbh, where the load ia 
small and the pressure low, a eeries motor with a large starting 
resistance may prove satisfactory. A suitable Sirrangement tot 
single rope haulage or winding is shown in Fig. 194. 



For main winding gear, which is worked practically con- 
tinuously during a shift, the author prefers a cumulative 
compound motor having a large regulating resistance, the 
motor running in one direction only, and the reversals being 
made through friction clutches as already described for main- 
iind-tail hauling. But if the winding be used only occa- 
t^ioually, as frequently occurs with staple-pits, then a series 
motor with a large regulating resistance is preferable. The 
time occupied in raising the load is so short that the question 
of speed regulation does not enter into tbe problem. What ia 
required is a large power at starting, gradually yet quickly 
applied, and perfect control over the cage at all parts of the 
run, but especiallj when stopping. It is also necessary to be 
able to raise or lower the cage a few inches. For such work 
the author has found series motors give eicellent results. 
He finds it convenient to couple the brake lever to the friction 
clutch, so that when the brake is applied tbe circuit is opened, 
iind the motor ia then ready for raising or lowering as required. 



Dip pumps should invariably be dri' 
motors* if continuous currents be used. 



by , 



B- wound 



Several typical desigus are shown in Figs, 195 and 195a, 
The first is a view of tbe Goolden-Atkinaon pump, which Laa 
oeen largely used for draining dip areas. The second design 
IB that of the pump made by the Jeffrey Company in America. 
It ia permanently mounted on a trolley with removable wheels, 
and is a light and efficient pump. 
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Centrifugal pumpi have generally a limited use ia mluesDii 
account o[ their requiring to he " primed " before they will suck 
water, and also because there ia alwaya a risk of the pum|> 
ceasing to act if air gets into the Eiiction pipe; in fact, thev 
require frequent attention. These pumps are not miitable fov 




working against higher healia than 2tft. or 30ft. of water unless 
special precautions are provided for starling. They are suit- 
able for a low head and a large voUime, and will be found ueetul 
in. cases where the water ia too " dirty " for a force pump, A 
usual arrangement is shown in Fig. 19G. 



CENTBlFUiiAL -\Nl> UitTAHY PUMPS. 3Si> 

Fig, 19Ga refere to an American double rotary force puiup, 
faaTing a capaeity of from 30 gallons to 75 gallons per minute. 
The design forma a very compact combination of pump and 
motor, Khich can be easily wheeleti about a pit by one man. The 




rotary type of pum|i liuen ui>c fifid iiiucli favour with English 
miniog engineers. It has the disadvantage of requiring to be 
primed like a centrifugal pump, and is not adapted for working 
with dirty water. It has, however, practically no slip, and can 
be worked at varylcg speeds without seriously afFecting the 
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efficiency. Both centrifugal and rotary pumps give the best 
tesuka for dip working when the level of the auction pipe ia bo 
arranged as to charge the pump. 

Fans, either main or auxiliary, should also be driven by 
eeriea motors, if run off a cootinuoua-current circuit. The 
electric motor is peculiarly adapted for running fans, and it is 
BOniewhat surprising that this has not been recognised more 
I'ully. The author designed a 25-H P. main fan plant for a tin 




. I 96a.— Jeffrey Double Itutary lliji Pump, 



mine at Eger, in Bohemii, iu 1889, the dynamo being driven by 
water power at a dit>tance of about half a mile from the motor. 

Stamp batteries and ore crushers bhould be driven by shunt 
or com pound- wound motora, if continuous-currents are used. 

Coalcutters and rock drills have hitherto, with few exoeptiona, 
been run on continuous-current circuits. In order to avoid 
"^racing" when running light, both differential compound and 
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shunt windings have been tried with indifferent Biicceaa— com- 
parative regularity of speed has been gained at the expense of 
torque. After nameroua esperiments, the author has found 
series-wound motors to give the best results for driving coal 
cutters and drills. He prefers to control the speed by an 
external resistance. Other workers in this field have arrived at 
the same concluBions. But the success attained has not been 
sufficient to warrant the hope that coal will be cut largely ia the 
future by machinery driven by continuous-current motors. 

The future appears to lie with the polyphase syatems. The 
polyphase motor, haviug neither collector nor bruabes, obviates 
the danger frooi sparking at the brushes — a defect always 
present with continuous-current motors. And, since the speed 
can never exceed that of synchronism with the generator, racing 
is impossible. The regulation of polyphase currents can 
generally be accomplished in a small space by means of 
impedance coils without any pomibility of gparkiiig, for no part 
of the circuit need be opened or shunted (see Impedance Coil, 
p. 241), as is necessary with a continuous- current resistance 
regulator, {See "^ 59, p. 293, for method of obtaining a large 
starting torque.) 

The sole point on which continuous-current motors are 
superior to polyphase ones, and then only with series winding, 
is as regards the starting torque. From this point of view 
they are undoubtedly the beit and moat efficient motors that 
can be built. The three-phase motor at starting is roughly 
comparable to a ahiint motor ; it requires a starting resistance, 
(See Tables B B and C C, p. 289 ; also curves in Figs. 172 and 
173, p. 291.) 

It is always possible, however, to start a motor before 
coupling it to the load if the initial torque be too great for the 
maximum motive effort. With drilling machines the drill cac 
be slackened if necessary, and with coal-cutters the initial 
torque of the motor can be made auffioiently great to atart the 
cutter against the friction of the d:5briB, which is all that is 
neceaaary. A " fall " should be cleared away by hand. 

In driving large pumps and hauling gear, it will generally 
be advisable to use friction clutches, through which the load 
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can be gradually applied after the motor has acquired it 

proper speed. The clatch does not entail estra expense in 
most oases, since its use ia generally advisable, and oFtea abso- 
lutely necessary even with continuous- current motorB, 

g67. SAFETY MOTURS; THE MINlNt; MOTOB OF THE 

FUTURE. 
Attempts have been made to deBign a continuous-cunent 
motor perfectly free from the risk of firing gas from 
sparks at the commutator or from short circuits in the 
coils. It is adnaitted on all Bides that so long as brushes 
and commutators (sliding contacts) are used it is impossible to 
work without sparks, which, under certain oonditions, may fire 
explosive gas. It is, indeed, found experimentally that the 
amall blue sparks occasionally seen on even the beat continuous- 
current motors are able to fire gas it the metal of the com- 
mutator becomes heated, as it will at times. It is, therefore, 
necessary to confine the explosion area to as small a space as 
convenient, in order to limit the effects and prevent commuai- 
cation to the outer air. 

The first attempts were made in the direction of eoclosing 
tfae entire motor in a metal case. It was soon found, however, 
that the quantity of air enclosed was too great to bo safely 
fired, and this method has been abandoned by the majority of 
motor builders. 

Messrs. Mavor and Coulson have, however, devised a com- 
pletely enclosed motor {nf. Fig, 197) of admirable mechanical 
design, which is by far the best illustration of this class. 
Whether it may be claaaed among the "Safety" motors is 
perhaps a matter for experiment ; but there can be ao doubt 
about the security it affords from accidental damage from any 
outside cause, and it is thoroughly dust-proof. 

The nest obvious course was to enclose only the armature, 
comwiutator, and brushes. By suitable arrangements this can 
be done in a very effective manner, and the space so enclosed 
can be made small enough to limit an explosion to the protected 
area. But other difficulties are introduced. The deaigi^a 
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bruab gear is com plicated, and tbe adjuatmeat oF tha bmsbes 
K rendered eiceedinglj ditiicult, especially to uoskilled hands. 
Tbe uutbor Uas built motors Tor coal cutting in tbia manner, 
and Messrs. Eastar, Anderson and Gooldeu bave patented 




In Fig. 198 is shown a perapective view of ibe eicelient 
afety mining motor made by Messrs. Easton, Anderaoa « 
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Goolden. The ge&er&l arrangement ia easily understood. The 
armature, commutator, and brushes are encased in a metal 
compartmeut, the [ree space of which la small The makers 
say that an explosion of gas within it cannot be communioated 
to the outer atmosphere. The author has had no opportunity 
of testing this important statement but from hia knowledge of 
the motor it appears to be correct always assumuig that the 




casing is in good condition and the inepection doors properly 
faatened. {See remarks on this subject on page 342.) 

MesHrti. Davis and Stokes, of Derby, have also invented 
I " safety motor," a sectional view of part of which is 
.shown in Fig. 199. It will be seen that the commutator ia 
inverted, and the bruahes placed inside of it, instead of on 
the outer perimeter, as is usual. The brush arms are attached 
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to a movable ring, aliding upon the bearing parallel to tbe 
shaft, and arranged to lock iu the proper ruoniag poutimi 
through a screw collar. The brushes are thus placed m a 
Bcaall circular space inside the commutator, the cubic con- 
tents of which in amall motors is about the same as that of 
a safety lamp; aiid which, even in large machines, can always 
be made sufficiently email to render an esploaion within it 
i|uite harmless. It should be noticed that the brushes can only 
be got at by the attendant when the motor is standing, and, 
therefore, when there is no chance of danger. Motors of this 
make have been tested in an explosive mixture of air and gss 
by Mr. John Rhodes, at Aldwark Main Colliery, who found 
that, although the gas continually flashed inside tlie com- 
mutator, it did not communicate flame to the outside. This 
is, perhaps, the safest form of ooutinuous-ourrent motor yet 
invented, and has been Buccessfully used for the past four years 
in connection with a variety of underground work. 

It is questionable, however, whether all these designs are 
not chiefly important as dust protectors. (It is absolutely 
necessary that a motor worked on a coal face should be dust- 
proof.) Though the cases may fit well when new, they probably 
soon get loose and d<;fective from the rough usage inseparable 
from the class of work, and thus become useless as safety 
devices ; indeed, they may then be a positive source of danger 
from the apparent security attached to them. 

The only real safeguard against explosions from sparking at 
brushes and commutators (sliding contacts) is to do away with 
them altogether, and the only way in which this is practicable 
at present is by the use of polyphase motors. The mechanicsl 
simplicity and excellent speed regulation of these machines 
have already been urged. These advantages, in combination 
with their safety, must gradually tell. They will necessarily 
take the place of all other types of motors for driving coal 
cutters, rock drills, and other machines which have to be 
driven in a dusty atmosphere liable at any moment to be 
charged with gas. 



In the author's judgment the i 
till probably present the appeara 



ling motor of the future 

i of a circular iron boi. 
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The revolving part will have no electrical connection with the 
supply mains, and will resemble an iron cylinder with closed 
ends and steel shaft. A breakdown of the insulation inside 
the cylinder will simply aflfect the efficiency ; it will not cause 
sparking. The windings in connection with the mains will be 
few in number, laid in recesses, and be entirely protected from 
external damage by means of the outer framework. The 
conductors will be of the concentric type ; and in permanent 
plants it is probable that the Pownall Safety Mining System, 
or some development of it, will be largely adopted. The 
junction boxes, switch, cut-outs, and regulating devices will be 
all flame-tight, and be protected by oil or by air under pressure. 
An explosion from an inadvertent spark will then be a more 
remote contingency than one from a safety lamp. 



aa2 




COAL<!UTTING AND ROCK-DRILLING BY ELECTErff 
POWER. 

S 68. Intraductoty.— g 69, RoUiy Bar Coal-Cuttpr» : Qoolden-AttmBon, 
Je&ey, ic— g 70. Rotary Side WbteX Coal-Cutteri : Oillott and 
Copley, Yorkehira Engine Co., SoeU-WaterhQuaB Coal-Cutters, tcr.— 
7L Electric Power Drills: Rolary aad Percuaaive Types: JeRrey, 
Mar^^n, and Van Depoele Drill. 
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Thers has always been a certain faBcinatioa about the appli- 
cation of electric power to coal-cutting and rock-drilling. It 
is easy to appreciate this feeling when one baa had aome 
experience of coal-getting. Indeed, it has been felt for a long 
time that a mechanical meana of hewing coal is desirable 
from all points of -view. Yet, strange to Bay, the problem 
has presented so many difficulties that its successful solution 
on a large scale still belongs to the future, although coal has 
been got by mechanical means in isolated cases for a long time 

The difficulties are well known, and may be regarded under 

two heads, each of considerable importance. The first refers 
to the mechanical side of the question, and hence properly 
belongs to the present discussion. The second relates to the 
system of working and the general management of mines, and 
cannot be treated here at length. But reference must be made 
to some of the obstacles thrown in the way of mechanical coal- 
getting by the men and the masters. The use of a coal-cutting 
whine may seem to be simply a question of the price of cotf 
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hewD by it in comparison with the cost of haod-hewn coal; 
and this IB iiDdoubtetlly the case. But the cost of machiiie- 
won coal is at present necessarily based on figures rosulciog 
from the iiae of one or two machines, instead of on figures from 
n dozen worked on " faces '' specially laid out for the purpose, 
It should be noted that the cost of the prime power for two 
or three machines is practically as great as that required for s, 
dozen, and that the system of mains need not be proportionately 
increased for the larger number, because the power does not 
'ncrease in direct proportion to the number of machines, as it 
is not possible to keep them all running at the same time. It 
is important, too, that machinery should be run as nearly con- 
tinuously as possible, which suggeata the employment of several 
shifts of men. And this is only practicable, even if the men's 
union permit it, when the conditions are such that the coal 
can be carried away sufficiently quickly. In the majority of 
faces, as arranged to-day, this is impossible, and a machine 
cannot be kept at work continuously for even a shift of eight 
hours ; so that, from causes which are quite independent of the 
working capabilities of the machine, its theoretical output is 
never reached. This fact points to the necessity lor a coal- 
cutter of smaller capacity than those now in use — say a machine 
which would hole from 5 to 10 yards an hour, working under 
normal conditions and allowing the necessary time for clearing 
away the coal. Hitherto the aim has been rather to produce 
machines which, under favourable circumstances, will out from 
20 to 40 yards of face per hour. But a very casual inspection 
of a coal mine will demonstrate that such a rate cannot be 
miintained for any length of time, simply from the difficulties 
of clearing away through gates two chains apart, even neglect- 
ing for the moment the difficulty of keeping the face clear 
from falls of roof during the time necessary for removing the 
coal. 

If mechanical coal-getting is to be carried out on a large 
scale with the long-wall system, it will be necessary to modify 
the number and position of the gates in order to increase the 
facilities for clearing away. The question belongs to mining 
managers, and not to electrical engineers ; and this is, perhaps, 
one of the chief reaaona why mechaniciilly-driven coal-cutters 
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ve not made as much progress as their undoubted utiticj 
appears to warrant. A colliery ia being opened out (October, 
1894) near Eckington, in which the whole of the work will he 
doue electrically, even to the driving of the fan, The coal will 
be worked on the pillar and stall ajateni by Jeffrey coal-cutters. 
This undertakiog ia due to Ameiican enterprise, and will be 
watched with the highest interest. 

It does not lie in the province of the present work to diacuaa 
the question of machinea versus hand coal-getting. But it may 
be remarked tbat one of the best electric coal-cutters, with two 
men to work it, will easily hole as much as from '20 to 30 
hewera; thus largely reducing the number of men required 
below ground. And since the number of accidents necessarily 
bears aome direct proportion to the number of men employed, 
the introduction of machinery should have the effect of largely 
reducing the loss of life. 

The number of mechanical priacipleii applied to coal-gettiag 
machinea is astonishing, and the ingenuity displayed by many 
inventors, who evidently have not been in close touch with the 
principles of mining, is equally surprising. All conceivable 
methods of cutting, drilling, boring, shearing, and picking coal 
have been designed, on paper at leaat, and many of them liave 
been applied to more or less practicable machines. The earlient 
attempts were made in the direction of a mechanical pick. i\jt 
might be expected, the pick with the man at the back of it 
directing each blow did much the belter work, and tbiM methud 
was soon dropped. The drill and the circniar ww bare given 
the moet successful models upon which to work out a cuttn*, 
hence a variety of machine* eatbodjing time principles. 

The machines which ba*« mirTif*!! the initial sUtgM ami 
give some hope ijt Totare tatxtm mo divisible intu three loaio 
classes: — 

(a) Bar cotterm. 

(6) Rotary wlu«I or disc cntt«r», 

(c) Drills. 
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§69. KOTARY BAR COAL-CUTTERS: GOOLDEN 
ATKLNSON, JEFFREY, Etc. 

Under the first hetid may be included all those m&cliine« 
which have a cutter-bar revolving either at right aoglea or 
parallel to the face of the coal. This type haa so far proved 
the moat aucceaarul in thia country and in America, the best 
knowD being the Gool den Atkinson bar cutter of English Inven- 
tion, and the Jeffrey machine ot American origin. 

The eaaential feature of the Goolden-Atkiuson machine is a 
tapered rotary bar, which is Btted with a aeries of cutlers 
driven into tapered holes. They are arranged in a spiral form, 
the object being to clear out the cuttings and prevent the 
jamming of the bar. The ahape, aize, and geueral arrange- 
ment are the reault of long and careful eipenment by MeaaiB. 
Llewellyn and Claude Atkinson, the staff of MeBsr«. Easton, 
Auderaon and Goolden, and the Electrical Coal Cutting Cor- 
poration. The main idea ia ahown in Figs. 200 and SOOa. 

The cutter-bar {iee Fig. 201) ia usually geared to the armature 
shaft by a pair of cast steel double helical wheels running iu 
oil, and makes from 300 to 500 revolutions per minute, 
according to the material being cut. The motors are alwa}a 
wound in aeriea, and hence the speed varies inversely as the 
resistance ; which ia exactly the beat condition tor work 
oF thia kind, since it prevents undue shocks to the motor, 
and tends to keep the power absorbed within safe limita. It 
will be seen that the motor is thoroughly protected from 
mechanical injury either from falls of roof or aides, and that 



the armature and commutator an 
and flame-tight compartment of di 
conaiatent with the safe and effectiv 
The cutting mecbaniam aa a whole 
an arc of rather more than 90deg. 
carries it (s« Fig. 201a). Thia g 
the machine from point to point in 



into a dust-tight 

andling of the brushes, 
made to swing through 
1 the turntable which 
9 facilities for shifting 
I mine, and also enables 



the bar to cut its way into the coal until it ia at right angles 
to the face and ready for holing. Fig. 201a gives a view of the 
machine aa arranged for work. In the early machines of this 
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class the coal was always picked out to give tbe bar a start 
Since the bar ha8 to be carried by bearings it njsy be thought 




I 






that coal cannot be cut level with the floor by the bar type of 
machine ; but this difficulty ia succeBafully met. By arranging 
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the nftte of tlw tanitkble *t % pmper •agle, utd etaaa^ it to 
VBTDlre in an iadtoed pl«Be, tbe makcn fsontzire to keep tka 
bar iMulj harnDDtsl, and bdow tlw leret of tbe nib when »t 
Cig^ an^a to tbe bee in the entting poHtioci, and jet to 
lift om tke twb «lia> turned pazalld to tbe bee. ia tfaia 
n^ > Bwing of Rgnlar alope ie nade at eveiy ent, and 
fannm the Boor far tbe nik daring the nect cat. In tbe 
j u ai ar itj of aaea it ia not found necenai; to lerel tbe floor, 
•Uhoi^ when cattii^ ia coal it maj pay to do so. Tbe feed 
IB made Inr % hand windi aa in Fig. 301a, or ia woifced anto- 
maticalljr bun the motor ahaft The uitiiar brfiavea that 
hand feeding m foond to be tbe more Hlisfactorf meAod 
with this n 



The Electrical Coal Catting CorporatJoo have for some jeara 
been working coal at a contract price per toa hewoor per linear 
yard undacnt to a specified depth. They aapplj the whole 
of the plant and tbe men to work the machine, while the col- 
lieiy proprietors find the Uboar for clearing awa; the eoal 
from the faces, leaving tbeoi ready for the machines. This 
system, on the whole, haa worked well, and, were it not for 
the difficulties already referred to, the machioes would turn 
out s. mnch larger tonnage and, of course, return a larger 
interest on the capital outlay. 

The experience of the Corporation, whilst it has demon- 
strated that nearly every mine, working long-wall, can be suc- 
cessfully operated by electric coal-cutting machines, has also 
brongfat into farther prominence the essential difference 
between hand and machine working, and the great difficulties 
of getting the owners and managers to appreciate the differ- 
ence, and to lay tbeniseWes out to apply to mining the discip- 
line and regularity obtaining in manufacturing industries. 

A modification of the Goolden-Atkinson machine has lately 
been introduced by Mr. Frederick Hurd, who for some years was 
on the staff of Jlessrs. Gooldeu and Co. Xo perticulara of its 
performance have yet been published. A general idea of the 
machine may be gained from Fig. i^02. There is a scoop built 
at the back of the bar to assist the cleariug of the cuttings 
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from the bole. Tbia may or ma; not be an improvemeot; 
experience alone can determine; but the author believes i!i 
use has been abandoned after a few trials. It should b« I 
«oted that the Goolden bar is claimed to clear itself bj I 




k 



virtue of the apiral arrangement of the cuttera. There a 

also some interesting devices for ventilating tbe motor and safe- 
guarding it against tbe risk of exploding gas. These consist of 
an elaborate system for circulating fresh air under pressure 
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Song the conductors, which are encased in pipes for the 
(urpose, and through the interior of the motor, the starting 
Wistance and switch-hoard boxes, <&c. The object in view is. 




tf course, most desirable ; but the expense necessary to esecutft 
ihe system described in Mr. Kurd's patent specification is 
irobablj too great for ordinary requirements. 
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Another bar cutter has been patented quite recentlj bj 
Meaars. T. Heppell snd Patteraon, wbioh embodiea aome norel 
features. One of theae machinea, built by Measre. Erneat Scoct 




and Mountain, is shown in Fige. 203 and 204. The case ia re- 

i moved to show the motor and gearing. One ol the special points 

B the endless chain used to clear away the cuttings, Thia is 
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shielded by a strong guard. The gearing coiiBista of cast ateel 
bevelled wheels and pinions. The machine is propelled by 
means of a steel rope which passes round a drum geared to the 
armature shaft by worm gearing, au eccentric, rod, pawl and 
ratchet. The design is very compact, and appears to be 
capable of being worked into a less height than the type of bar- 
cutter adopted by other makers ; but this remains to be proved, 
for many alterations may be required before the machine gets 
into regular work. The author believes that at present one of 
these machines is at work in the Cannock Chase district. Mr. 
Heppell says that one of these cutters at the Pilner Main 
Collieries is doing good work, cutting at the rate of about 20 
yards per hour, 3ft. under. A sectional view of the cutter-bar 
is shown in Fig. 205. It is arranged to swing about the centre 
of supports, which permits of the cutters being readily examined, 



r Fid. 205.— SeL'tiojj of Birtley Cutter-Bar. 



and also facilitates the moving of the machine about a coal 
pit. It bas three dovetailed grooves cut along ita length, 
j. The cutters have corresponding dovetails, and are distanced 
by suitable pieces of steel. The cutters can obviously be 
arranged spirally or otherwise, as may be required. 

The Jeffrey coal-cutter is of different construction from any J 
machine of English origin, and was, no doubt, first designed to ' 
meet the conditions of the American coal seams. Special 
machines are built to suit the conditions obtaining in British 
mines. The method of working will be readily grasped on an 
inspection of Fig. 206. The details of construction are shown 
in Fig. 207. 

It Till be Been that the bar lies parallel to the coal face when 
in the cutting position. It is designed to hole as deep as 7ft. 
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Deep uDderciittiDg is an especUl advaat&ge in pillar and etall 
working with an average roof. This maohine consists ot s bed- 
frame, occupying a. space 3ft. wide by 7tt. 2in. long, built up of 




two steel channel bars firmlj hraoed, tfae tpp plates on each 
carrying racks with the teeth downwards. Mounted upon and 
engaging with this bed-frame is the sliding frame, consisting 
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mainly of two ateel bars, well braoed, upoa which is mounted 
at ihe rear end an electric motor. Upon the front end of this 
sliding frame is mouuted the cutter-bar, held firmly bj two 
solid steel shoes with brass bearings. The cutter-bar receives 
motion through au endless steel or bronze chain from the 
driving shaft, and as it revolves is fed forward by means of 
straight-cut gear and a worm and wheel. The bar is usuall; 
36in. wide. In America the seams are generally much thicker 
than those in this country, and the roofs are sufficieutly good 
to enable the face to be kept open for ttM distance neoeasar; 
with a 6ft. or 7ft. holing, and pillar and stall working is chiefl; 
practised. But in England the conditions of long-wall working 
rarely permit of such deep undercutting, and from 4ft, to Sft. 
is, as a rule, the deepest cut advisable. At the Cannock and 
Rugeley Collieries, where two of tbe Jeffrey machines are at 
work, one holes ■1ft, and tbe other 7ft, 

The electric motor occupies a space of about '20 inches square. 
It is designed to absorb a maximum of 15 E.H.P,, and in some 
veins of coal does not require more than 7-5 H.P. The American 
standard pressure is 220 volts, but this can be altered to suit 
ci re um stances. The armature is designed to run at 1,000 
revolutions per minute, and tbe cutter- bar at 200. Tbe 
momentum of tbe moving parts ia such that the machine over- 
comes ordinary obstacles without difBculty, and, sinoe tbe 
motor is not coupled rigidly to tbe bar, the vibrations are 
Qot transmitted to it, and the machine runs steadily and 
comparatively quietly. Two men are required to work it^^ 
one at the switch at the back and the other as helper to clear 
the debris and to assist in shifting. Tbe machine is taken 
from stall to stall on a special truck, shown in Fig. 208. When 
at work it is slid on to two boards or bars of iron in front of 
the coal, and fastened firmly by means of the front and rear 
jacks against tbe face and roof of the coal, which is thus sup- 
ported to some extent during the undercutting. When the 
full depth of the cut is reached tbe feed is thrown ofF, and the 
cutter bar is returned to the starting position by means of 
reversing gear. Tbe machine is then moved sideways for a 
distance equal to tbe length of the cutter bar, and another out 
s made in tbe same manner. Each cut is made in ordinary 



.180 



ELECTRIC MOTIVE POWER. 



workipg in from three to aii [ninutea. Tbe output depends to 
a great extent upon the skill of the men in moving and jacking 
the machine, and also upon the hardness of the coal, and 
whether the cut is made in ooal or "dirt." In some seams 
theso machines are said to cut from 40 to 6G linear yards oF 
face to a depth of 6ft. in a shift of 10 hours. Since the depth 
of the undercut ia roughly twice as great as that usuallj mode 
with a bar machine of the Goold en-Atkinson type, this is 
eijual to a length of face of from 80 to 130 yards, in com- 
parison with the performance of the latter. Assuming these 
figures to be correct, it would appear that although the Jeffrey 
machine has to be shifted after every cut, yet it may cut a 
greater area of coal than the Ooold en- Atkinson machine, which, 
the author understandf, does not average mote than from 80 to 
100 yards of face in this time. 

In comparing the two, stress must be laid on their relatire 
Boitability for different kinds of work. The Goolden-Atkinsoa 
machine requires a space between the face and the props at 
the goaf of not more than fonr feet at the outside, whereas 
the Jeffrey machine caunot be worked in a smaller space than 
six feet ; hut with the latter the depth of undercut may be 
neatly double that with the former, though, of course, the 
total length of roof unsupported will be then nearly twice as 
great. It is, therefore, obvious that the side cutter-bar can 
be used in places where tbe front cutter-bar cannot possibly he. 
It must be remembered also that the Jeffrey coal-cutter makes 
a capital heading machine, while the side cutter cannot be need 
for this purpose. The two machines are not, therefore, rivals 
for the same work in all cases. Tiiey cost in the first instance 
about the same, the motors are of the same rated capacity, 
and the actual power required in practice appears to be about 
the same. Hence there does not seem to be much to choose 
between them as regards the question of cost, but it is rather 
a mattet of suitability for any particular case. 



The English agents for the Jeffrey mining machines ate 
Messrs. John Davis and Son, who are placing these uBeful coal- 
cutters in various mines in England, Wales, and Scotland, i 
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Mr. Williamson, of Cannock and Rugeley Collieriea, who is 
using one of the Jeffrey machinea with a 36in. bar, holing 4ft, 
in a 5ft. seam, says that the output of round coal is increased 
15 per cent. — that ia to Bay, hand cutting makes 75 percent, of 
round coal and the Jeffrey cutter 90. And that one machine, 
working single shifts, has increased the output by at least 60 
tons per day. 

In Table DD are given a few results from a series of eshauB- 
tive trials of electric coal-cutters in miues in Ohio, U.S.A., 
made in 1S90 by Mr. R. M. Haseltine, Chief Inspector of Mines. 
This gentleman found that the only electric coal-cutter in 
genera! use was the Jeffrey machine, and, therefore, most of 
his teats refer to this type. The Leichner and Thomson-Van 
Depoele machines (see the end of the series) are of com- 
paratively small output, and do not seem to have made much 
headway since the date of the report, so far as the author is 
aware ; while, on the other hand, the use of Jeffrey machines 
has steadily increased in American mines, and is now gaining 
a hold on mining engineers in this country. 

The figures are not directly comparable with those now 
obtaining in England, for the conditions are very different, and 
the machines have been since improved in many respects; 
but the results, taken collectively, may prove instructive to 
future users of electric coal-cutting plant, as they show, on the 
authority ot an independent official and expert, what was 
being done iu this direction aa far back as 1890, 

The General Electric Company of America have built a 
modification ot the front-cutter type machine, which is of 
interest. In it the cutter-bar is made to revolve in such a 
direction that the coal is cut upwards. It is claimed for this 
method that it assists the holding down, and hence there is 
less need for careful fastening by jacks and braces. In this 
machine there are four chains instead of the single one used 
with the Jeffrey machine. The Stine-Smith coal-cutter is also 
similar in design, and appears to be a soundly built machine. 

The author has no information about performances of either 
of the two last -mentioned machines. 
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§70. nOTARYSIDE-WHEEL COAL-CUTTERS. GILLOTT 
AND COPLEY, YORKSHIRE ENGINE CO., AND 
SNELL-WATEllHOUSK COAL-CUTTERS. 

A Dumber of patents have been taken out for machines with 
side wheels. lu a few the wheels have been designed to out 
verttoallj, or even at any angle, but in the majority the aim 
has been simply to make a horizontal cut as near the bottom 
as possible. The diameter of the wheel determines the depth 
of the undercut, which is limited in practice to from 39 to 
55 inches, the latter being found to be as deep a cut as is 
desirable. If this depth be exceeded there is a strong proba- 
bility of the coal shearing at the back and fouling the wheel 
before it is clear of the cut, and if the out he shallower the coal 
will not break readily by its own weight, but requires wedging 
down. 

Passing by the early inventors of these machines and coming 
to modern history, the firm of Messrs. Gillott and Copley 
stands in the front rank ; but from some cause, which ia not 
very apparent, they have not shown a disposition to apply 
electric motors to their machines, preferring to continue the 
use of compressed air. 

The Yorkshire Engine Company have also built some 
escellent machines of this type, embodying several improve- 
ments on those of the former firm. They also have confined 
themselves to compressed air, although they have built to 
order a few electrically- driven machines. An illustration of 
one of their machines is given in Fig. 209, in order to show 
the general requirements of this type of plant, and also because 
the author has found from actual experience that the machines 
do excellent work. 

Fig. 21 is an enlarged view of the cutter-wheel, showing the 
method of supporting it in bearings. The design ia arranged 
to hole at a few inches above the rail tops. 



Owing to the succi 
obtained when driven b 



IB which this class of coal-cutter has 
' comprea^ed air, no radical change has 
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been attempted by inventors when applying eleotrioitj. They 
h&ve accepted tbe main principle, and have aioiply changed tbe 
motive power. 

On referring to Fig. 209 it wiU be seen that the side wheel ia 
fitted with two kindg of cutters Every alternate one has 
Y shaped teeth, n hile tbe remainder are straight The ftinctiOQ 
of tbe latter la to tear ojt the centre of the cut, while the 
former clears it out to the desired width, usnallj about 3iq 
lu air driven machines the speed of the nheel vanes from 15 to 
30 revolutions per minute, according to the kind of dirt and 
its resistance This speed ts found to be too slow for the 
electric motor, since the leducing gear is costly and cumber 
some J therefore all who have tried to apply electricity have 




210.— Cutter-Wheel : Yurkshire Engloe Company. 



endeavoured to raise tbe cutter-wheel speed as much as possible. 
This has necessitated strengthening the machine as a whole, 
and has increased the dead weight from about 25cwt. to about 
35cwt. The increased speed, however, has caused no trouble 
in working, In fact, the momentum of the moving parts is so 
great that obstacles which caused serious shocks at the slower 
speed are scarcely felt at the higher speed of from 70 to 100 
revolutions per minute. And the increased weight tends to 
prevent derailment. 

While upon the subject of weight, it may be remarked 
that it it is desirable to limit the weight of a coal-cutter 
to, say, lOcwt., which is about as much as any one man 
can shift about a pit with the aid of crowbars, it may be well 
worth while to pay special regard to the making of a light 
machine, iiut if it be necessary, from any cause, such as the 
need for a machine of greater capacity, to inoreaae the weight 



8NELL-WATERE0T7SE ELECTRIC COAL-CUTTEB. 367 



much beyond the limit just mentioned, then it appears to the 
author to be a matter of little importance whether the machine 
weigha 20cwt., 30cwt., or even iOowt. In each case it is too 
heavy to be handled without special tools, and a acrew jack is 
as much a part of its equipment as it is of a locomotive's. In 
fact, with the larger type of electric machines the increase of 
weight is by no means an unmixed evil, for it gives increased 
stability, and, no matter how rough the road, or uneven the 
dirt, the machine rides steadily through it all. 



The advantage of the wheel machine compared with the 
rotary bar lies in the low bead room required, and perhaps in 
the enormous capacity of the wheel on long walls where the 
conditions are favourable. 



The author has, however, never seen a machine at work which 
had anything like a chance of working continuously, and so 
reaching the theoretical output. The majority of pits are so 
laid out that continuous working is practically impossible, and 
the most useful machine is that which, under the given con- 
ditions of normal working, will give the largest average output, 
and not a maximum output for a short time under the best 
conditions. 

A number of patents have been taken out for side-wheel 
coal-cutters ; but perhaps the first practical machine was 
designed by the author and Mr. Major Waterhouse, of Glass 
Houghton Collieries, about four years ago. The general con- 
struction of this machine will be readily seen on an inspection 
of Figs. 211, 312, and 213, which are plan, longitudinal, and 
end views. Much detail is left out in order to show up the 
main features. It will be noticed that the design roughly 
reaerablea that of the Yorkshire Engine Company's compressed 
air machine. But, in fact, the whole of the details have been 
modified to suit the increased rate of speed and to accommodate 
the gearing. The machine was built to hole 3ft. 6in. in a seam 
a level with the floor, this being the first 
machine so designed. The maximum height above the rails 
was 22in, The cutter made from 80 to 100 revolutions per 
minute in various kinds of shale aud coal, no difficulty being 
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esperienced either from their hardDess or from iron pyrites. 
The weight was about 35owt. At least two men were seces- 
eary to worli the machine, and in soft coal with a rapid feed 
a third was re^juired to keep the wheel from being fouled bj 




the coal. The wheel was designed to run in either direction, 
but the inventors always arranged the cutters to feed out the 
cuttings at the back of the machine, instead of at the front, aa 
is freriueDtly done in air nmchinee. It was found, however, tl 
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the wheel did not aufficientl; dear itaelf, and that a man was 
required to shovel out the loose coal at the front from time to 
time. The power absorbed did not vary so much aa was 




expected. The automatic feed, actuated b; a worm and wheel 
&om the first cross shaft, nicely adjusted the [speed of the 
maohirte to the resistance of the cut. The mot<M: was wound 
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in simple Beriea, and thus the current varied in proportion to 
the torque. And, Bince the pressure decreased slightly as the 
load increased, the tendency was to equalise the power absorbed 
and to vary the rate of feed with the degree of resistance to 
the cutters. 

The chief difficulties met with at Glass Houghton were due 
to the peculiar formation of the seam, which is 22in. in height 
with a thin parting near the middle. The holing was made on 
the level ofthe floor in the fireolay, and presented no serious diffi- 
culty. But the lower coal broke away from the parting, leav- 
ing the tops in position, and frequently fouled the wheel before 
a cut could be made sufficiently long for the introduction of 
wedges. Under these conditions the time wasted in elearing 




Fig. 213.— Snell-Waterhouse Coal-Cutter. End View. 



the wheel more than counterbalanced any gain from the high 
rate of speed at which the machine holed when the coal 
remained firmly in position. A bar-cutter might have suc- 
ceeded here if more head room had been permissible, for it 
ia obvious that the tall of coal behind the bar, or even on the 
top of it, would not be so serious as with a side wheel. But in 
this case the large number of iron balls in the clay were held 
to be an obstacle in the way of the bar-cutter, and, iu addition, 
the bar could not be made Co cut perfectly level with the floor- 
ing, as was desirable. The power absorbed varied from 10 to 
17E,H.P. The motor was designed to give 15B,H.P. at about 
800 revolutions, and was of the armoured type adopted by 
Messrs. Lahmeyer and other Continental firms, but not much 
known in England, The design is well adapted for use on a 
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coal-cuttiDg machine, as the massive field-magnets protect the 
field windings and the armature from damage by falls of roof or 
accidental injury during working. 

At present there are running in Yorkshire collieries a few 
electric side-wheel machines which have been developed from 
the Glass Houghton one, but no particulars of their working 
have been published. Under suitable conditions, however, they 
must give economic results. 




Fig. 214. — Wan tling- Johnson Electric Coal- Cutter and Heading 

Machine. 




Fig. 215.— Plan of Cutter- Wheels of Wantling-Johnson Electric 

Coal- Cutter. 

A smaller type of wheel machine of American origin is 
shown in Fig. 214. It is the invention of Messrs. Wan tling 
and Johnson, and was shown at the World's Fair, Chicago, 
1893. The author has no particulars about its performance, 
but it seems to be a practical machine. It is adapted 
for making vertical or horizontal cuts, but cannot be set to 
cut level with the floor. It appears to be especially suitable 
for heading work. The cutter-wheels are shown in plan in 
Fig. 215. There are two wheels revolving in opposite directions. 
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Their diameter can be made to suit reqiiirementB. Tbe sketch 
iu Fig. 214 Hbowa the machine arranged for heading, : 
which case it is always parallel with the rails. For long-wa 
or pillar and stall working the motor and cutter would be at 
right angles to the rails and the coal. The method of steadying ^ 
tbe cutter is clearly indicated in the figure. • 

The T bo maon- Houston "Mowing Machine" coal-cutter, 
shown in Fig. 216, presents several features entirely different 
from those of the preceding machines. It may be regarded 
as a modification of tbe Baird coal-cutter. The cutters are 
carried on a chain which passes round an overhanging arm 
capable of rotation through an arc of nearly ISOdeg. The 
illustration shows most of the working details, It appears to 
be suitable for long-wall working. There does not seem tc; 
be any definite information published with respect to its 
performances. 

Messrs. Mavor and Coulson have adopted Baird's design, 
but with several modifications ; the principal one being the 
use of worm gear for driving the outter-chain. Their 'machine 
is designed to cut at the rate of one foot per minute through 
ordinary soft Scotch coal, the chain-wheel revolving at 60 
revolutions per minute. 

The Jeffrey Company are also trying a cutter-ohaia on 
of their special English machines, and expect it will effect a 
saving in power, since the width of the cut is reduced to 2'5in. 

§71. ELECTRIC POWER DRILLS: ROTARY AND FEB-' 
CUSSIVE TYPES; JEFFREY, MARVIN, AND VAN 
DEPOELE DRILL. 
In spite of the obvious advantages to be derived from the 
application of electric power to rock and coal drills, much pro- 
gress does not seem to have been made in this direction. The 
B for this are probably partly the same as those, already 
which have hindered the introduction of mechanical 
coal-getting, and, in addition, the cost of tbe conductors, which, 
no doubt, bas been in many cases prohibitive. But there are 
also some difficulties peculiar to the work. 



* 
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Driving stoue drifts is about as rough woik as can be 
imagined, and the men employed are aa rough as the work. 
But even more important than the rough treatment ia the 
question of ventilation. Obviously, when driving a heading, 
there is a teudeuc; for the air to stagnate, and there is diffi- 
culty in removing the fumes of powder after shots are fired 
ualess fresh air can be brought up to the face. Now the com- 
presaed air drill exactly meets this requirement. The exhaust 
from the drill causes a. steady draught, which cools and purifies 
the air, and powder fumes can always be cleared away by turn- 
ing on a little air. The electric drill, on the contrary, tends, if 
anything, to increase the difficulty, for the power masted in the 
drill raises the temperature of the air at the face of the head- 
ing. This disadvantage is probably suffitient, in many case?, 
to render the use of electric dril]B impracticable, the mete 
question of coat of horing (gauged, usually, hy work done in 
well- vent Hated spots) being altogether subordinated to other 
considerations. Of course, for a variety of purposes, such as 
quarrying, working in well-ventilated spots, Ac, these objec- 
tions have no weight. But even under the most favourable 
circumstancea the electric drill does not seem to have made 
much progress. 



There 

designed 



kre two maic principles upon which i 
the rotary and the percussive. 



The rotary type is usually driven through geariug from 
small motor. The percussive type is sometimes worked by 
motor winding up a coiled spring, which at the proper moment 
uncoils and spends its energy upon the drill shaft. In other 
types the principle of magnetic attraction ia ueed, the drill 
shaft being attached directly to the iron core of a solenoid. 



n 



Hitherto the motor-driven dri 
successful in general work. Sevi 
each having a different way of gea 
but the general prinriple ia the i 
country, as well as in America, i 
used for working in hard coal, and i: 
tesults. In general the makers desi 



Is have proved to be the more 
■al firms build these machines, 
ing the motor to the drill shaft, 
tme. The best known in thi» 
the JefTrey drill. It is chiefly 
found to give satisfactory 
n the motora to work a 
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pressure of 220 volts; but this can be varied to suit apecial 
requirements. The rated output of the drills for 2in. holes is 
2 H,P., but ft factor of safety of two" ia allowed. Tbey are stated 
to drill, in the hard " bouey " found in anthracite tniaea, a 2iti. 
hole, 6ft. deep, in from 2rain. to 2JmiD., while in the coal they 
will cut a similar bole in less th»a a minute. One of these 




Fio. 217.— Jeffrey Rotary Eiectvk- Ruck an.l Coal Drill. 



drills ia in use at Newbattle Colliery, Dalkeith. The manager, 
Mr. John Morrison, reports that it makes, in the hard splint 
coal, a 2in. hole, 4fe. deep, in the space of 5min., including the 
time taken to set the drill. iThis, he adds, is equal to the 
work of four men, while the Jeffrey drill requires only one num. 



3r« ELECTIUO MOTIVE POWER. 

A good idea ot the general shape of the drill, and of tlie 
method of Bxing it in position, \viU be gathered from Fig. 217. 
It will be seen that the motor is protected from mechaoic&l 
injury by an iron abield. Any type of motor can be fitted to 
the drill, and probably a polyphase machine will ultimately be 
adopted. 

Various Euglish firms have built electric drills for mining 
work, but, judging from the number in use, none of these has 
been so successful as the Jeffrey drill. The designs are ustially 
heavier than that shown in Fig. 217. 

The reciprocating action of a solenoid ia apparently well 
suited for actuating percussive drills. Yet the solenoid, energised 
by a continuous current, is the least effective means of using 
magnetic power through comparatively long distances. Its 
proper function is to attract an armature through a yery short 
range, or to hold it firmly in position.* 

However, in spite of this manifest disadvantage, solenoidal 
action og'ers so many advantages in the design of percussive 
drills that it appears highly probable that this type of drill 
will ultimately come into more general use than the motor 
type. Therefore, a brief refereuce to the subject may be 
useful. 

The earliest attempts to utilise the principle were made iu 
accordance with the diagram shown in Fig, 218. The current 
was supplied to the centre of two coils forming the solenoid, 
and was passed through them successively; the changing being 
controlled by means of a two-way switch, indicated at a and e. 
The iron shaft of the drill formed the core, and was attracted 
first by one coil and then by the other. This is a very waste- 
ful design, for the power absorbed during the instroke is the 

• Prof. S. P. Thompson liaa recently lieuionjitrated that an altemate- 
curreot magnet poaseasea very diSerent properties from those of a can- 
tin uou a -current o»e. He shows that by means uf an oltcroate current 
the pull of an electro-magnet on its armature uiuy be extendeil through 
comparativelj long diatiBnces, and may be even graatrfi at, aay, three inches 
than ivben closer. This importjint fact probably opens up a new field, 
and may, therefoto, itaaiat in the devolopuient 
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same as that during the outatroke. Aa additional objeclioo is 
the trouble given by the contaota at the switch points. 

An improvement is possible hy the use of a single solenoid 
drawing in a plunger against a strong coiled spring. The blow 
given by the recoil of the spring ia very rapid, and resembles 
the impact of a hammer if the bit be at the right striking dis- 
tance ; and, further, the iuHtroke ia made comparatively slowly, 
and does not abake the drill carriage. In case the stroke ia 
too short to strike the work a spring cushion ia provided to 
receive the blow. A two-way switch ia required, however, 
and lliia practically renders the design useless. 




\ 



Fic. 218,— Diagram of Klectrio I'ercusffive l>ri!l, witb two-way 
switch at a r. 

A diatinct advance is made by the use of pulsating or 
alternate currents, or a combination of them . There are 
many methoda, but they all embody the following conditions : 
No switch ia necesaary, three or more wires are required, and 
also, in some cases, a special dynamo. The first is an absolute 
gain, for there is no trouble from sparking, and the last two 
are not serious difficulties when it is considered that these 
drills are only likely to he used in mines and places where it 
will pay to provide a suitable dynamo if tbe use of electric 
drills is deemed advisable. The simplest drill of this class ia 
one coupled to a two-phase circuit, aa ahowo in Fig. 319; but 
this has the disadvantage that the power used on the instroke 
ia nearly as great aa that on the outstroke. The number of 
blows given by drilla of these types correaponda with the fre- 
quency of the alternator, and they are therefore adapted for 
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deliveriug taa,ny quick light blows per minute rather than a fev 
heavy blows. A frequency of from four to ten per second h 
found to give the beat restilte. 

A still better device is that applied in the Marvin drill. 
This is of the double eolenoid type, and is one of the most 



I 




Fig. 219.— Diagi-am jf Eli 



successful in America. It is run off a special dynamo giving 
pulsating currents in two circuits. The connections are shown 
in Fig. 220. The dynamo armature, iu its simplest form, has 
only one coil. One end of this is fixed to a continuous metal 
ring di, on which mbs the brush B, ; the other is joined to a 
metal segment, J^ extending for 180 deg. and concentric with 




; Bi, B„ Bn, fixed bruabea. 



I 



</j. Two brushes, B., and B^, placed diametrically opposite to 
each other, rub against it. Three conductors are required; 
one from the middle point of the solenoid is coupled to B,, 
and those from the ends of the coils are respectively joined 
to Bj and B^. The two coils successively carry a current, and 
■o give reciprocating motion to the drill. 
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The best reaulta with reciprocating drills are likely to 
be obtained by the use of a combination of pulsating and 
alternating currents ; for the inatroke can then be made 
without much waste of power, and yet a very effective blow 
an be delivered at each outstroke. This principle has been 
applied in the Van Depoele electric percussive drill. One form 
of the arrangement ia shown diagrammatically in Fig. 221. 
The dynamo may be of any continuous current make, with an 
ordinary commutator, and the two usual fixed brushes at F^ 
and Fj ; but it requires the addition of two revolving brushes, 
Itj and R^, separated by 180 deg. The coils in the solenoid 
sre three in number, 1 and 3, coupled in opposition to each 
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FiQ. 221.— Diagrftm of Van l>epoele Electric Percussiva Drill. 
Bi, R,, revolving brushes : Fi, F^, tiled brualioiB ; 1, 2, 3, ooilB of drill. 

Other, having few turns relatively to the main coil 2. The con- 
nections are made as follows : — ^Coils 1 and 3 are in series 
with each other, and are coupled to the revolving brushes, Kj 
and R^ ; these coils are, therefore, traversed by an alternate 
current. Coil 2 is coupled to the fised brush Fj at one end, 
and at the other to the junction of coil 3 with the rotat- 
ing brush Rj ; it is, therefore, energised by a pulsating current, 
and exerts the chief effect on the plunger with a polarity 
always in the same direction. The blow is made mainly by the 
action of the centre coil, the end coils practically neutraliaing 
each other. The return stroke ia chiefly due to the resultant 
pull of the two end coila, as the centre one varies between zero 
and a maiiraum. At a first glance there seems to he in this 
design a departure from simplicity without any compensating 
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gaiD, but on ft closer examination it will be seen that it marks a 
considerable advnnce, and that the chief ditKculties referred 
to in the early part of this Hection are to a great extent over- 



The inatroke can be made as light and the outstroka aa 
heavy as required, both of these desirable ends being attained 
without the use of any switch or complicated gear in the drill. 
Also only three amall conductors are required, and the dynamo 
gives a continuous current, and can be used for lighting or 
motor vfork. 

The chief difficulty likely to be experienced with the Van 
Depoele drill appears to lie in the heating of the iron cores from 
hysteresis and eddy currents. This, however, will be gradually 
xperience suggests better methods of building the 
md framing. 
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The distance through which power may be ecouomioftlly 
transmitted by electricity depends upon so many varjing con- 
ditions that it id not possible to give a definite limit, although 
one can be found for any particnlar case.* The theoretical 
considerations afiecting the losses in the line are discuHsed 
fully in § 16, pp. 70-79, and the practical difficulties in § U t« 
§ 20. The data given there are sufficient to enable a complete 
investigation to be made for any case likely to occur in 
practice. It may be useful, however, to have a table of the 
relative costs of continuous-current power plants for the usual 
pressures, and for such distances as i 
themselves for ordinary practice. It w 
that tbe figures must neccBsarily be but approximations, and 
-in some cases may be even misleading, unless the require- 
ments of the problem are determined by one who has a prac- 
tical knowledge of tbe work. 

The author has prepared Table E E, in which the costs are 
all expressed in terms of £ per H.P. delivered by the motor. 
The line is supposed to be of bare sicilium bronze, erected on 
wooden posts, with oil insulatars. The dynamo cost includes 
a proportional share of station instruments, and that of the 
motor includes switches and starting franies, whilst the line 
cost is inclusive of posts, insulators, lightning arresters, and 
other details. 

The prices, which allow a slight margin for market fluctua- 
tions, include packing. The erection cost is a variable 
quantity, and must be determined for each case. 
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In muB^ of tbe problems brought before the electncol 


engineer the dietanceB are far greater than those aaaumed in 


Table E E, aod much higlier pressures are necessary. The 


author is of opinion that for ej:(ra loag distances the beat 


way to deal with power Iranamission is by polyphase currents 


{s'e Chapter VIII,, especially ^ 34, p. 2C7). It the pressure at 


the alternators can be Itept below 7,000 volts, it will not be 


necessary to use step-up trans fa r mera ; but if the pressure 


exceeds this it will generally be advisable to use them. 


The cost of the alternators and transformers rapidly de- 


creases as the output is increased. The cost of alternators 


of, say, 100 kilowatts capacity is about £7 per kilowatt, in- 


chidiug station apparatus: while it has been estimated iu 


connection with the Niagara plant that, with outputs of 4,000 
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kilowatts, the cost will not exceed £2, Transformers of 100 
kilowatt capacity average £5 per kilowatt, and in very large 
sizes are offered by manufacturers at XI per kilowatt. These 
figures are so far apart that it is not possible to give any 
general data for the generating plant, or even for the motors ; 
but with the line a fair approximation is possible, since the 
cost of copper may be taken as fairly constant within the 
limits of the quantities required. Table FF has been pre- 



Table F F. — Cost of Line and offf.F, delivered, with Three-phase 
Circuits, for various Distances and Pressures, 
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pressure 
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pared to give a rou^^h idea of the coat of copper for overheud 
lincB for powers of lOO, 200, and 500 H.P., delivered by moiora 
with three-phase currents at various efficienciee and preaBures 
up to 50,000 Toltf, and transmitted through variouB distances. 

Id these oalculations aa allowance of o per cent, has been 
made for the sagging of the wires, ho that a distance of 
5,000ft. requires 1 mile, or 5,280ft., of conductor. For first 
approximations each 5,000ft. in the first column may be taken 
as a mile. The size of conductor chosen in the first two aeries 
is No. 13 S.B.W., which is, perhaps, the smallest consistent with 
the requirements of mechanical stabilit;. The line losses are 
choseu arbitrarily. The most instructive thing to notice is 
the cost per horse-power delivered by the motor. The necessity 
for high pressures is very apparent. 

Tables EE and FF should be compared with Table X, 
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